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Wind loads on sun tracking solar reflector panels exposed to the atmospheric boundary 
layer were established through surface static pressure measurements to determine how 
wind affects them, specifically at the request of SPAWAR-Pacific, which has developed 
a custom design. A 1:8 scale model of a four-panel array was studied in the Naval 
Postgraduate School wind tunnel. Wind velocity, wind angle orientation, and individual 
panel positions, at which the highest pressure coefficient cases were anticipated, were 
varied. The pressure coefficients were measured by an array of Scanivalve pressure 
transducers with 16 pressure taps drilled into the top and bottom surfaces of each panel. 
Oil flow and smoke flow visualization techniques were performed to better understand 
the flow features that led to the greatest pressure coefficients. A parapet was included to 
observe the wind effects of various positions. Additionally, pressure measurements were 
observed using a rounded edge installed on the lead panel edges. This notion was to assist 
in not only minimizing wind loads, but also in determining a safe stow position of the 
array during high wind events. The measurements and the flow visualization studies both 
provided a cohesive and constructive picture of the flow. 
The windward panel was found to be subjected to the thrust of the wind loads in 
most cases, with a maximum recorded differential pressure coefficient of 3.25. However, 
when in combination with attaching the rounded edge to the windward panel and setting 
it negative five degrees, pressure coefficients were decreased by more than 70%. Parapets 
of the appropriate help also reduced the measured loads significantly. 
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We see and hear about it every day. The United States is consuming too much 
energy produced overwhelmingly by fossil fuels. The U.S. Navy and its installations also 
fall within this category. In order to mitigate the expenditure of petroleum based fuels, 
the Department of Defense (DOD) decided to increase their commitment to renewable 
energy to three gigawatts in April 2012 [1]. This concept was meant to deploy three 
gigawatts of renewable energy to include solar, wind, biomass, and geothermal on Army, 
Navy, and Air Force installations by 2025—enough to power 750,000 homes [1]. 
Specifically for the Navy Department, in December 2011 the office of the Secretary of 
the Navy (SECNAV) implemented the SECNAV Shore Energy Policy. Two of the goals 
set forth in that policy were: 
Increase alternative energy ashore, by 2020, at least 50% of shore-based 
energy requirements will come from alternative sources; 50% of 
Department of the Navy (DON) installations will be net-zero power from 
the grid. Reduce non-tactical petroleum use; by 2015 will reduce 
petroleum use in the non-tactical fleet by 50%. [2, p. 1] 
Both of these goals include renewable energy production from a host of sources, 
including solar power. 
A. APPLICABILITY OF GREEN POWER SYSTEMS 
To highlight the DOD solar initiative, in May 2012, Naval Air Station (NAS) 
Jacksonville completed a rooftop solar power generation system onto one of their many 
helicopter hangers, as seen in Figure 1.  
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Figure 1.  Some of the solar photovoltaic (PV) panels installed on the rooftop 
of NAS Jacksonville’s hanger 1122. From [3]. 
The program installed PV panels and the required electrical converters and meters to 
properly operate and monitor how much energy is generated and used [3]. This initiative 
was aimed at attaining the SECNAV alternative energy goal of at least 50% ashore by 
2020 [3]. All of the panels installed at NAS Jacksonville were standard solar PV cell 
commercial fixed base units. 
B. STANDARD SOLAR CELL AVAILABLE COMMERCIALLY 
The standard solar PV units installed at NAS Jacksonville, and currently being 
installed at other U.S. bases, are of the crystalline technology. This technology is 
common in today’s realm, as is the method of installation onto the government’s ashore 
buildings. However, these installation methods mount the units at a fixed angle, which 
only allows them to be used for one configuration. In addition, they are not typically 
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tested for the wind loads that act on them for a given installation area. As a result, as seen 
in Figure 2, PV mounts have failed, sometimes in disastrous fashion. 
 
Figure 2.  Damaged PV arrays due to high wind event. From [4]. 
Although not all U.S. Navy ashore buildings fall along the coasts of major oceans, 
the majority of them do. Regardless of where they are geographically, the challenge of 
designing a mounting system that can withstand freezing rain, hail, tornados, and 
hurricane force winds is of utmost priority. 
C. WIND EFFECTS ON BUILDINGS AND STRUCTURES 
The helicopter hanger seen in Figure 1 at NAS Jacksonville is a low-rise building, 
generally a few stories in height. The majority of the U.S. Navy’s installation buildings 
reflect this type. One key area to research before installing these PV arrays is the wind 
effects on the buildings and structures, and how it can affect designs and implementation. 
This involves the study of wind forces on low-rise buildings and how winds in the lower 
atmospheric layer (approximately below 300 meters [1000 feet]) are affected by surface 
roughness. Cermak et al. observed that a series of variables have an effect on the flow, 
 4 
such as the height of the building, fluid density, surface shear stress, and surface heat flux 
[5]. They found, through others, that climatological characteristics of a building site are 
affected by geographical latitude, topography, and location relative to large bodies of 
water [5]. Cermak also stated that his observations on boundary layer winds may be 
complicated by the fact that velocity and turbulence characteristics were for locations that 
had enough surface area to attain a fully-developed boundary layer [5]. This is unlike 
most DOD buildings that exist in municipal areas, where the effect of surface roughness 
is an issue in determining wind forces. 
For reasons realized in Figure 2, wind forces are difficult to predict and therefore 
are a concern to civil and structural engineers. Cermak [5] describes one type of wind 
force called instantaneous local values of pressure, in which “the magnitude of the 
instantaneous wind-pressure fluctuations on the exterior surface of a building often 
exceeds the dynamic pressure of the mean geostrophic wind ( 2
1
2
Uρ ∞ )” [5, p. 29]. The 
resulting pressure differences, sometimes up to 8–10 times the root mean square pressure 
coefficient, across the outer skin of a building can cause much damage [5]. Figure 3 from 
Cermak depicts flow separation over a square cross-section building. Flow over this 
structural shape causes multiple regions of separations and reattachments which are a 
direct correlation to elevated pressure coefficients (wind loads). This could prove 
troublesome when attempting to design PV array layout. 
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Figure 3.  Flow separation over a building of square cross-section. From [5]. 
Another concern is the effect of corner vorticities produced when an object is 
oriented 45°  to the oncoming velocity flow profile (this happens even at other angles, but 
asymmetrically). Figure 4 visualizes this phenomenon and the potential impacts to 
structures. Whenever a uniform stream is “cut” by 45°  angle, the resulting vortex 
experiences a lifting force and it also increases in size the further along it travels. As with 
the increased pressure coefficients experienced with the square cross-sectional areas, 
these corner vortices also contribute to extraordinarily high wind loads if the structures 
fall within this separation bubble [5]. 
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Figure 4.  Vortex formation on surface near corner of Bank of America World 
Headquarters Building. From [6]. 
D. DEMANDS OF BUILDING CODES 
As the price of photo voltaic apparatus become less expensive and as the demand 
rises, more and more individual households to large businesses will begin to seek out the 
free real estate on roof tops to mount PV arrays. According to the Solar American Board 
for Codes and Standards (Solar ABCs) with regard to PV installations, the International 
Building Code (IBC) Section 1509.7.1 prescribes the proper use of components and 
cladding (C & C) for calculating the minimum design loads [7]. The code specifies that 
the wind loads shall be calculated using the method prescribed for C & C using an 
 7 
effective wind area based on the dimensions of a single unit [7]. If the PV panels have a 
solar tracker installed, there are no available codes dedicated to dimensioning the 
structures. Instead, designers turn to the building codes, which make it nearly impossible 
to determine the wind loads on the panels [7]. 
The traditional approach in determining the minimum design wind loads for 
buildings and other structures is to follow the American Society of Civil Engineers 
(ASCE) publication 7 series. However, as highlighted by Kopp and Banks, “Neither the 
ASCE 7-05 nor the ASCE 7-10 provides design wind loads for roof-mounted solar 
panels, which are being placed on a wide range of building shapes and which have many 
geometric variations” [8, p. 284]. In addition to the unsettled provision for design wind 
loads contained in ASCE 7, the U.S. Navy lawfully does not have to adhere to the 
civilian structural standards. 
E. THE ROLE OF FLUID MECHANICS 
The various demanding aspects of fluid mechanics are crucial in determining 
proper design criteria for PV arrays. Fluid flow over a solar panel is essentially flow over 
a flat plate. In studying this occurrence, one would see the viscosity effects it has on the 
characteristic flow profile, such as the no-slip condition at the surface which produces a 
boundary layer. The boundary layer leads to another important concept called the 
displacement thickness, δ ∗ . Displacement thickness is a layer of fluid flowing at the local 
freestream velocity carrying the same amount of mass flow as that passing through the 
boundary layer at that station [9]. For a flat plate, the displacement thickness increases as 
flow propagates over the length of the flat plate while at the same time it forces the 
oncoming streamlines out if its way, as seen in Figure 5. One must consider things like 
this when designing PV panels for components and cladding. Just how high does δ ∗  rise 
into the potential flow above the plate? It is impossible to know exactly where y = ∞ , so 
people typically use the value of y where u = 0.99U∞  at that x-location as the δ , or 
where the local velocity is 99% of the freestream value [9]. 
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Figure 5.  Displacement thickness and streamline displacement. From [10]. 
Due to the nature of its design, a typical PV panel closely resembles a flat airfoil. 
Fluid mechanics also plays a part in how tip or trailing vortices are formed. Figure 6 is a 
schematic of an airfoil viewed from the downwind side which could easily be an 
approximate dimension of a PV panel. As the pressure on the lower surface of the airfoil 
is greater than that on the upper surface, air flows around the wing tips from the lower 
into the upper side thus causing trailing vortices [10].  
 
Figure 6.  Flow around wing tips. From [10]. 
Another important concept when considering flows over a PV panel is separation. 
Flow separation is bad because it rapidly increases drag and therefore loading on a PV 
panel. A flow will detach from a surface when in the presence of a severe pressure 
gradient causing some of the flow to move in the reverse direction [9]. Figure 7 depicts a 
transitional separation bubble in which separation is initiated upstream of this region and 
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it is possible that the boundary layer reattaches to the surface, forming a closed region of 
separated flow, hence the bubble [9]. 
 
Figure 7.  Transitional separation bubble. From [9]. 
F. SPAWAR SYSTEMS CENTER (PACIFIC) PV REFLECTOR DESIGN 
Scientists at SPAWARSYSCEN-Pacific have developed a unique, sun tracking, 
rooftop mounted, solar PV cell reflector/collector design that can efficiently generate 
significant electric power to feed into the micro grid at U.S. Navy facilities. It directly 
supports the SECNAV’s Shore Energy Policy of increasing alternative energy ashore by 
2020 and by reducing dependence on foreign oil. What is unique about this particular 
design is that it utilizes a series of eight solar reflector panels (mirrors) arranged in 
tandem sequence of 10 panels in the width direction and multiple panels in the lengthwise 
axis. As seen in Figure 8, the reflectors concentrate the sun’s energy onto one single PV 
panel situated above the arrays. The reflector panels are slightly curved to direct the light 
onto the PV cell panel overhead. In this arrangement, the potential for an effective 
reflector array could be as large as 6.1 meters by 15.2 meters (20 feet by 50 feet). The 
high intensity of the sun’s solar rays concentrated onto a single PV panel makes this an 
efficient and novel initiative.  
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Figure 8.  SPAWAR Systems (Pacific) prototype design of solar collector 
panel array. Photo courtesy of Dr. Randall Olsen, SPAWARSYSCEN-
Pacific, 2013. 
This exclusive design was visualized because of the U.S. Navy’s expectations that 
this design must withstand multiple forces from various sources and return to safe 
operation in a relatively short time period after events such as freezing rain, hail, 
tornados, and hurricane force winds. The U.S. Navy has many potential locations 
throughout the world to mount this new design of PV system. 
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II. REVIEW OF BACKGROUND LITERATURE 
The general field of wind effects on buildings and structures is vast. Much of the 
reported literature on efforts to document the wind loads on particular structures mostly 
consists of experimental studies. In particular, wind tunnel studies on scaled models have 
served as the backbone, with computational studies adding to the observations. Most 
studies aim to establish the wind loads at different speeds and wind directions on fixed 
geometries. Pressures (time averaged) instantaneous or root mean square (RMS) values 
of the latter are normally reported, with some strain gage loads as well. Qualitative flow 
features are established using both surface flow and global flow (smoke using) 
visualization methods. Together, they can deliver a picture of the flow with loads that aid 
in improving a building design to withstand the local wind loads and pertinent building 
codes. 
The key, however, is to design the tests appropriately. For this, Cermak [5] has 
provided some valuable recommendations which include simulating the wind velocity 
profile, turbulence details, local terrain effects on both these, scaling, and even specified 
the appropriate requirements of the wind tunnel to be used for the purpose. This includes 
a stipulation to simulate the earth’s boundary layer profile since every building is buried 
in it. Whereas it is a necessity for a tall building (such as the Burz-Khalifa tower in 
Dubai), rooftop mounted solar panels likely rise to only a short height and hence, the 
uniform velocity profile generated by a normal wind tunnel would be adequate. 
A review of the literature on wind effects on PV cells confirms that most studies 
discuss the solar arrays on a low-rise building (homes and small offices) and it appears 
that the ASCE codes also seem more relevant for these. Most U.S. Navy buildings are 
wide, but a few stories tall. As such, some of the test recommendations are not directly 
valid. In what follows, the published literature is briefly reviewed to introduce the various 
approaches and then, a case is made for the test procedure and study being discussed in 
the thesis. 
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A. FLOW SUMMARIES 
Before designing an appropriate test on any model, it is important to understand 
some of the attributes of the locally prevailing wind and how it could affect wind loads. 
For instance, one must account for the wind profile at different surface roughness values. 
On a smooth flat surface, the atmospheric wind profile is approximated by the well-
known 1/7th power law. However, the power law index depends on the roughness of the 
terrain over which it passes and can generally vary from 1/6th to 1/10th, and even larger 
variations have been found in some extreme situations. Thus, it may become important to 
properly scale the surface boundary condition [5]. The wind profile by far is the most 
critical in determining loads on buildings and structures. Cermak et al. observed 
published data for different surface roughness values and how it correlated to the 
exponent value 1/n in the power-law profile [5]. Figure 9 shows how dramatically the 
power-law exponent increases as the flows interact with different irregularities, especially 
noted in the urban areas. 
 
Figure 9.  Wind-profile parameters for strong winds over surfaces of different 
roughness values. From [11]. 
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In addition to satisfying the surface boundary conditions, Cermak recommended 
similarity of the approach-flow characteristics to be distributions of mean and turbulent 
velocities, distributions of mean and turbulent temperatures, and zero pressure gradient if 
one is to accurately simulate flows in a wind tunnel [5]. 
B. WIND TUNNEL STUDIES 
As mentioned, there are many investigational studies on a single PV panel in the 
literature today, but virtually none describes tests on a scaled array that simulates sun-
tracking panels on a building rooftop. The distinctive design from SPAWAR Pacific 
makes such studies imperative since there are no comparable data that can provide the 
necessary guidance for the purpose of determining an envelope of wind conditions for 
safe and reliable operation.  
1. General wind tunnel studies 
In addition to the desirable basic aerodynamic and thermal characteristics of the 
wind profile in a wind tunnel, Cermak explained, a disadvantage of wind tunnels with 
relatively short test sections (less than 10 meters [32.8 feet]) [5]. He indicated that the 
flow does not attain a fully developed profile and hence, the wind turbulence 
characteristics cannot be properly simulated at the model station [5]. This could be an 
issue if only a small structure was simulated in a wind tunnel, but when dealing with 
sufficiently large buildings, to include the relatively small PV arrays on top, is not a 
constraint for further study [5]. Due to the size requirements and costs to realize such a 
condition, when performing diffusion inquiries, most researchers opt to employ a wind 
tunnel that gets them “as close as possible” to a fixed turbulence profile.  
A wind tunnel’s purpose is to effectively produce measurements on a scale model 
that adequately represents wind loads on a full-scale prototype. In a wind tunnel, to 
obtain meaningful data, one must identify a reference pressure to effectively compare 
pressures against. Because most building roofs are not uniformly flat, (i.e., stacks and air 
conditioning ducts) they consequently impose internal and external pressure differences 
[5]. To remedy this, it is standard practice today to normalize the measured pressures 
(and pressure differences) by the stream dynamic pressure to produce a dimensionless 
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pressure coefficient ( pC ) as seen in Equation (1). In the numerator, P∆ is the pressures 
representative of the bottom and top side of a PV panel; and in the denominator is the 








=   (1) 
2. Roof-top Studies 
A number of studies of solar cell arrays can be found discussed in the published 
literature. Most of these pertain to residential rooftop mounted solar collector/PV cell 
arrays and banks of them, whose size is set by industry standards and practices. Very few 
discuss alternate designs. As will be explained in the next chapter, the SPAWAR-Pacific 
design is unique and unusual as well. So, the published information is only of limited 
value. Yet, it serves to provide some guidelines to design studies such as the current one 
and so, is described below in modest detail. It is hoped that the discussion also helps 
orient the reader with regard to several wind tunnel testing needs for enhancing the utility 
value of the data so generated. 
Due to the lack of PV array wind load documentation and for economic reasons, it 
becomes imperative to employ a scale model in a wind tunnel. Kopp and Banks [8] have 
conducted a fairly comprehensive study of rooftop PV cells. They state that the standards 
for validating a rooftop PV cell design is the ASCE building code 7. Referring to code 7, 
Kopp and Banks [8] catalog the seven requirements (grouped in four for convenience) for 
wind tunnel studies as applied to roof-top PV arrays: 
1. Model the approach flow correctly (Requirements 1 and 2).  
2. Model the panels and their surroundings correctly (Requirements 3 and 6).  
3. Account for the walls of the tunnel (Requirements 4 and 5).  
4. Use adequate instrumentation (Requirement 7). 
These guidelines are well recognized and internationally accepted. However, the 
latest edition of ASCE 7 was published in 2010. With more and more funding becoming 
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available for alternative green energy and the ever-increasing complexity of 
requirements, PV design engineers put themselves at risk of costly mistakes. These 
mistakes may not rival the Tacoma Narrows Bridge incident, but when an engineer 
incorrectly calculates wind loads because of skewed pressure coefficient data, failures as 
shown in Figure 2 could follow. Kopp and Banks [8] point out two specific problems that 
link to this design concern; the surroundings and the size of the scaled model used for 
testing. 
The surroundings for PV arrays are simply the rooftop in which the assembly is 
constructed on, including a parapet if installed. Consequently, the flow characteristics 
over these shapes produce very powerful results [8]. The details of flow around corners 
and over parapets will be discussed in the following sections. The importance of these 
flow features is that they contribute significantly to elevated panel wind loads and need to 
be properly modeled [8]. 
When designing for PV arrays in a wind tunnel, it is crucial to simulate a scaled 
model of the same geometric shape relative to a full-scale model, i.e., achieve geometric 
similarity [8]. A correctly modeled shape will get congruent results to its full-size figure. 
Kopp and Banks [8] recommend model scales to be no smaller than 1:50 in order to 
properly model the gaps between the rooftop and panel and the distance between panels. 
They also state, according to ASCE 7, that wind tunnel blockage shall not exceed eight 
percent [8]. Often times, the issue of Reynolds number (dynamic similarity) arises. 
However, in most cases, the flow tends to separate from near the leading edge region due 
to the presence of sharp corners and studies on even delta-wings have established that in 
such cases, there is only a weak dependence on Reynolds number. 
3. Roof-top testing requirements 
As described there are seven requirements for conducting proper wind tunnel tests 
on PV cell arrays; however additional requirements naturally are introduced in the case of 
sun-tracking panels. Conditions such as individual panel positions as well as angles of 
attack (necessary for sun tracking at different solar azimuthal positions) at different wind 
velocities and directions must be considered. If a building incorporates a parapet wall, 
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then parapets of different heights should also be included in the experiments. Thus, it is 
clear that a very comprehensive experimental matrix of parameters would result for a 
reasonably satisfactory and complete wind tunnel study. Additionally, it becomes 
necessary to test the entire array of panels to evaluate panel interference with one another 
and the resulting consequence of the separated flows on the wind loads on individual 
panels. Kopp and Banks [8] also recommend that in order to effectively predict wind 
loads on an array, one should ideally test an array comprised of at least eight rows or 
more if possible. If this is not a practical solution, then this recommendation should only 
be considered a generalized one. 
4. Roof-top testing method to document loads 
For the test results to be valid and applicable, data must come from standard and 
validated testing procedures and practices. By far, the most commonly used method to 
obtain wind load data is to measure the pressure on the surface of a model instrumented 
with pressure taps. This method measures the wind pressures across the panel surfaces. 
For PV panels, these pressure taps should be placed on both sides to effectively document 
the pressures between the top and bottom surfaces. Since these taps are connected to a 
pressure transducer or similar pressure instrumentation away from the ports, careful 
model design becomes paramount to minimize their interference on flow features. For 
example, these leads should not interfere with the flow nor should the flow over them 
alter the local pressure values.  
5. Flow around corners 
Wind at any geographic location can be expected to change directions quite 
dramatically. Thus, it may approach a building at several orientations. In particular, flow 
direction along a diagonal or corner is of great interest because it introduces many flow 
features that are typical of delta-wing flows and strong vortices that can potentially 
increase the loads locally. Depending on local flow conditions (surface topography, 
pressure gradients, etc.) it may have an angle of incidence as well. 
As wind flows into the corner of a building, as seen in Figure 4, the flow wraps 
around its edges and tends to produce strong vortices and separation bubbles as seen in 
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delta-wing flows [6]. Several factors determine whether it may reattach on the building 
rooftop (or cell array). Depending on flow velocities (dynamic pressure), the loads can be 
quite large, especially under separated flow conditions and become dangerous to installed 
PV structures. Banks [12] conducted experiments on the role of corner vorticities and 
how they contributed to wind loads on slanted solar panels. He found that the greatest 
amount of loads were along the peak uplift pressure coefficients formed by the corner 
vortices [12]. He also noted that the absence of significant loads under the separation 
bubble and along the reattachment lines demonstrates the importance of addressing the 
effects of corner vortices in a PV array [12]. 
In Figure 10, for example, flow over an array of 110 panels is depicted at 10 
degrees incline, with the oncoming flow approaching the top right hand corner. Due to 
the above discussed effects on this multi-panel array, the average loads across all the 
panels are not as prominent as the distance from the corner increases [12]. For instance, 
the front panels are subjected to severe loading along the leading edge of array number 
four (middle array on right edge). The peak pC values indicated were calculated using 






=   (2) 
The variable maxp∆  is the maximum pressure differential between the top and bottom of 
the panel, and zq  is the dynamic pressure velocity of a three second gust [12]. It is 
important to point out that it is the difference what matters. Therefore, Banks [12] 
concluded that the intensity of the vortices does not decay as quickly along an array 




Figure 10.  Peak uplift pressure coefficients at 50° from top of page on a 9-array-
region. The dotted lines indicate the average position of the vortex core. 
The solid lines indicate the expected reattachment locations. From [12]. 
The flow features that occur in this case exhibit classic delta-wing aerodynamic 
properties. It is now well known that as the freestream flows across the sharp leading 
edge, a viscous fluid is unable to stay attached (since it cannot make the sharp turn 
needed to negotiate the corner) and therefore separates into two sets of counter rotating 
vortices, one on each side of the delta-wing as shown in Figure 11. Under this situation, 
complex flow topography ensues as the two sets normally contain a primary and 
secondary vortex. A reattachment line also forms, where the primary vortex can induce 
significant forces along the reattachment line. 
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Figure 11.  Delta wing flow features. From [13]. 
6. Flow over parapet walls 
Sun tracking PV array research incorporating a parapet is sparse. In ancient times, 
a parapet was used in the defense of one’s structures, today however they serve as a 
protective safety barrier and sometimes décor for roof tops. Figure 12 depicts a solar 
array installed in close proximity to a typical parapet.  
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Figure 12.  Roof parapet with fixed solar array. From [14]. 
The few studies that researchers did include a parapet in bore a peculiar effect on 
PV array wind loads. Banks [12] observed that if the parapet height was sufficiently high, 
the separating shear layer would extend such that the arrays are fully protected under 
them and the wind loads would drop dramatically. Banks’s research approximated this 
phenomenon to occur when the parapet height, normalized by the building width, was 
approximately / 4%parapet bldgh W > [12], where parapeth is the height of the parapet and bldgW
is the width of the building. This of course assumes that the PV array is under the parapet 
height. 
Another unique outcome is when the building is wider than it is long. It seems 
that as the vortices form over the parapet, they are also pushed inward from the edge of 
the parapet walls and consequently result in wind loads up to 50% higher than without a 
parapet [15]. Banks [12] also observed this finding when he conducted studies of building 
sizes that were three times wider than they were longer. He found that the vortices were 
stronger for this condition and that they were forced toward the middle of the rooftop. 
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Curve fit line #1 in Figure 13 shows how loads increase as the vortex moved 
upward after passing over a parapet; whereas curve fit line #2 indicates a drop in loads 
due to parapet of sufficient height forming a protective region under the vortex as a 
function of building width [12]. The various plotted arrangements are from panels in an 
array that exhibit the highest loads and are not necessarily the same affected panels [12]. 
Regardless of all these data, it must be kept in mind that PV cell arrays are mounted atop 
existing building roofs and so, for each case, a separate and detailed wind tunnel study 
becomes necessary. The published literature in all cases only serves as a reference data 
set to validate such study results. 
 
Figure 13.  Various racking systems tested against the ratios of parapet/no 
parapet vs. parapet height/building width. From [12]. 
7. Flow between panels 
In addition to the flow characteristics around corners and over parapets, it is also 
important to address the flow between panels and arrays (i.e., drag coefficient). 
Shademan and Hangan [16] conducted a study with a set of panels in tandem 
arrangement as seen in Figure 14 where X is the distance between the panel and D is the 
width of the panel. 
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Figure 14.  Panels in tandem arrangement. From [16]. 
What they found was the ‘shielding’ effect from the lead panel was at its greatest 
at 90 degrees wind orientation when compared to 60 or 30 degrees from spacing (X/D=1) 
[16]. On the other hand, when the spacing between the panels increased (X/D>1), the 
drag coefficient intensified, an observation that they attributed was due to the flow 
disturbing the ‘shielding’ effect thus allowing it to intermix between the panels [16]. It 
appeared the least amount of drag occurred when spacing was (X/D=1) which would be 
considered critical spacing [16]. 
The Structural Engineers Association of California (SEAOC) Solar PV Systems 
Committee supported this finding. They revealed that as wind flows over a rooftop PV 
array, the highest wind load is felt by the leading panels in the array and the loads on the 
follow-on panels was notably less [17]. After passing over the first panel, the flow is 
unable to reattach to the rooftop if the panels are too closely spaced to each other which 
leads to very turbulent flow over the following panels [17]. The spacing ideally should be 
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no less than twice the panel characteristic height in order to maximize this effect [17]. 
Conversely, total flow reattachment will occur if the panel spacing is about eight times 
the panel characteristic height [17]. 
In this regard, it is mentioned that much importance has been given to the 
pressure data and none to surface shear effects. Because the flow tends to be separated, 
this treatment appears valid. However, when the clearance flow dominates, the rapidity of 
its development over the array faces may induce sufficiently large shear and may cause 
their failure. This shear induced failure often can be seen in storm damage pictures 
(Figure 2) as the cells are ripped off the surface. 
C. GOALS OF THE PRESENT STUDY 
In this thesis, the results obtained from a wind tunnel study of wind loads on a 1:8 
scale model of a rooftop mounted, sun-tracking solar collector panels are discussed. Tests 
were conducted for a large experiment matrix over a four-panel pressure tapped 
arrangement with adjustable panels. SPAWARSYSCEN-Pacific’s design required this 
study’s model to be tested on a ‘simulated’ rooftop with flows at various angles, speeds, 
and panel positions to properly ascertain pertinent pressure coefficients which will 
ultimately be used to calculate wind loads. Three approaches were employed to 
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III. DESCRIPTION OF CURRENT WORK 
The wind loads on large panels of roof mounted, sun tracking solar reflectors 
(mirrors) that direct sunlight on to PV cells mounted at their collective foci need to be 
determined to establish the envelope of wind conditions in which their safe and reliable 
operation can be assured. To answer SPAWARSYSCEN-Pacific’s query to quantify the 
aerodynamic wind loads based upon their unique solar reflector design (see Figure 8), the 
effort was undertaken. The study requires examination into the atmospheric boundary 
layer flow patterns and effects over and around a scaled model. As previously described, 
the most satisfactory method of acquiring wind load data is through wind tunnel testing 
because of the extremely complex flow features that develop in each case and also 
because they vary significantly for each installation. To mimic the lower portion of the 
atmospheric boundary layer, the research for this project was conducted at the Naval 
Postgraduate School (NPS) mechanical and aerospace engineering (MAE) subsonic 
boundary layer wind tunnel. 
A note about why this research was conducted in a uniform velocity wind tunnel. 
When a design engineer of a building utilizes a wind tunnel, it is for the purpose of 
determining the wind loads and to establish if a design can withstand the loads resulting 
from the prevailing winds at that geographic location. These wind loads are directly 
affected by the wind velocity gradient in the atmospheric boundary layer which is 
modeled as a simple shear in a vertical velocity profile that is dependent on the power 
law exponent. Winds near the top of a building are not generally affected by ground level 
friction. Typical DOD buildings are of sufficient height and therefore, shear in the 
velocity profile is not an issue for the problem being studied. In this particular instance, 
the rooftop solar collector and panel array extend about 3.05 meters (ten feet) above the 
roof level, which is insignificant compared to the 1,524-meter (5000-foot) height of the 
atmospheric boundary layer and so, a flat velocity profile was deemed satisfactory. It is 
for this reason that the use of a standard wind tunnel is permitted and the need to simulate 
the 1/7th power law can be ignored. 
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A. WIND TUNNEL AND MODEL DESIGN 
The low speed wind tunnel used for research was located on the grounds of NPS 
at Halligan Hall, room 031A. It was a horizontally mounted, axial flow, variable speed, 
11kW motor, made by Plint and Partners Ltd. as shown in Figure 15. The test section was 
1.22 meters (48 inches) long with a 0.457-meter by 0.457-meter (18-inch by 18-inch) 
cross section. The wind tunnel velocity calibration was verified using Pitot static tube 
(Model PAA-8-KL) manufactured by the United Sensor Corporation. The tunnel 
maximum velocity was found to be 40.2 meters per second (90 mph), which is the upper 
tier of a Category 1 hurricane. 
 
Figure 15.  Halligan Hall wind tunnel at NPS. From [18]. 
Figure 16 shows the wind tunnel arrangement with the test section, control panel, 
data acquisition equipment, and operator’s station. 
 27 
 
Figure 16.  Wind tunnel arrangement. 
1. Model design 
The challenge with any scaled model is getting as close as possible to the 
performance of the original prototype through similitude theory. Practical considerations 
such as material selection, test facilities, and cost were of concern when designing this 
scale model to SPAWARSYSCEN-Pacific’s design. Their prototype design comprises of 
eight solar reflector panels that are 0.61 meters by 2.4 meters (two feet by eight feet) in 
dimension, arranged in tandem in the width direction. Thus, in reality the reflector array 
may be 3.7 meters by 4.9 meters (12 feet by 16 feet) in size. The PV cell itself is located 
above the reflector array to be at the (slightly diffused) focus of these panels. Its width is 
approximately half that of a single reflector panel. Although the reflector panels are 
slightly curved to direct the light onto the PV cell panel, for the tests (and design), they 
were assumed to be flat for this study. The tests being reported have two major goals. 
One is to generate adequate number of useful results on a small scale model in the NPS 
wind tunnel. The second is to use these data to design a larger scale, higher fidelity model 
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to be tested in the U.S. Army Aero-Flight Dynamics Directorate (AFDD) 2.1-meter by 
3.05-meter (7-foot x 10-foot) wind tunnel. The data from the larger scale model tests will 
later serve to finalize the real-life solar reflector/PV cell system structural design so that it 
can safely withstand the highest prevailing winds at a particular U.S. Navy installation. 
An additional design requirement was to arrive at desirable configurations for stowing the 
system during extreme weather events such as hurricane winds. The designs were created 
in SolidWorks and the files used for machining. 
2. Model fabrication 
The wind tunnel test section in Figure 16 is slightly octagonal at the test section 
entrance/contraction exit and becomes rectangular at the test section exit; however for 
much of the length, a large rectangular cross-sectional area is available for housing the 
model. Due to test section space limitations, a 1:8 scale model consisting of a four-panel, 
pressure tapped reflector-array was constructed as seen in Figure 17. It was constructed 
from 7.9 cm (5/16-inch) thick aluminum plates, Al 6061-T6. 
 
Figure 17.  Four-panel array mounted on plywood (rooftop) base. 
Each panel was 30.5 cm (12 inches) long, 7.6 cm (three inches) wide and 0.794 
cm (5/16-inch) high outfitted with 16 pressure taps; eight on the top and eight on the 
bottom. The height was sufficient to embed pressure taps and tubing and accommodate a 
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linkage to connect to the rooftop and change its angle of attack independently. The holes 
(pressure taps) were drilled at the end of each groove milled into the aluminum panel 
leaving a true surface. 
As is typical in wind effect studies, the model was primarily designed for pressure 
measurement. It consisted of four variable positioned panels with one hold-down screw 
on each end for ease of changing panel orientation relative to the sun and its angle of 
attack relative to the wind at various orientations. A hand-held protractor was used to set 
these angles. This allowed simulation of the panels as if the sun trekked over the horizon 
similar to a heliostat. The panels were rigidly mounted to a model base unit through sets 
of vertical rails. The entire model sat on a plywood base as seen in Figure 17 to mimic a 
reflector array affixed atop a low-rise DOD building. 
The use of the four panels made it a representative design for the purposes 
described. Special consideration was given to ensure that model blockage in the test 
section was within the accepted values. This eliminated the need for any corrections to 
the measured pressures and allowed directly using those values for load calculations. 
Additionally, the system’s rooftop mounting was simulated by using a flat, beveled base 
plate that served to act as the roof itself and raising the panels 17.1 cm (6.75 inches) 
above the tunnel floor when the panels were situated flat (0°) along the x-plane. When the 
panels were positioned to their maximum position (70° due to rigid pressure tap lines), 
the panel tips reached 20.3 cm (eight inches) above the tunnel floor. Varying this height 
actually can simulate different heights at which the system can be mounted. However, all 
the tests being reported are for an average height of 18.4 cm (7.25 inches). When put into 
perspective, the solar collector panels would rise approximately 1.5 meters (five feet) 
above the height of a low-rise building based upon a 1:8 ratio. The base plate was 
attached to a hollow shaft, which could be rotated as a turntable to produce different wind 
orientations relative to the building. It was also hallowed out to bring the pressure tap 
leads out to a Scanivalve measurement system. 
The pressure tap tubes were made of 16.5 mm (0.065-inch) A249 stainless steel 
tubing. They were housed in slots (trenches) milled into the top and bottom layers of each 
panel and carefully bonded with aluminum based Bondo (putty) to keep the surfaces 
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smooth, leaving a discernable, but true overlay (Figure 17). At the end of each tube, a 
0.81 mm (0.032-inch) hole was drilled through the skin of the panel and assigned a 
pressure tap number ranging from 1 to 16, as seen in Figure 18. Placement of the pressure 
taps was along the outer, leading, and trailing edges of each panel and were distributed in 
lattices of two columns and two rows identical on each side. The outer edge pressure tap 
locations were designed to be around 10.2 cm (four inches) from the roof’s edge. On the 
end of each tube, a 1.6 mm (0.063-inch) urethane tube was attached to each stainless steel 
tube. Each tube was then guided along the supporting rails and routed under the model 
base to prevent flow interference. The wind angle orientation (θ ) was defined from the 
0° position and increasing in the counter-clockwise direction as depicted in Figure 18.  
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Figure 18.  Locations of pressure taps and definition of wind direction 
of one panel. 
3. Data acquisition instrumentation 
The urethane tubes were connected to a pressure transducer data acquisition 
(DAQ) suite for analysis. The suite consisted of a 16 channel Scanivalve Digital Sensor 
Array (DSA) 3217 pressure transducer/scanner. The DSA 3217 had a range of ±1 psid 
and an accuracy of 0.12% of full scale. It was set up to use Ethernet (10baseT) 
communication with a host computer via TCP/IP protocol interface with LabVIEW 
software at a maximum scan rate of 500 Hz/channel [18]. The LabVIEW program along 
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with other software suites allowed for raw data collection and transmittal to Microsoft 
Excel and MATLAB for processing and analyzing.  
4. Data collection 
To collect data, the procedure recommended by the DSA 3217 manufacturer, 
Scanivalve Corporation, was used. The DSA 3217 pressure transducer assembly was 
powered up and connected to the operator’s station computer. Once local weather 
conditions were recorded into the unit, it was calibrated via a DSA Cal Zero procedure. 
LabVIEW was then started and connected to the DSA 3217. Once the wind tunnel was 
set at a desired speed and model at proper orientation, a three minute stabilization time 
was observed before commencing data collection. As previously described, pressure data 
collection was simultaneously obtained from the 16 pressure taps on the top and bottom 
of the model’s four panels. The model had 64 taps installed in total, but due to 
availability of only one-16 channel pressure transducer assembly, only one panel could 
be tested at a time until all four panels were tested for each test configuration. LabVIEW 
procured raw pressure data onto a Microsoft Excel worksheet where it was processed to a 
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lowerP was the pressures from the bottom side of the panel (taps nine through 16), upperP was 
the pressures from the top side of the panel (taps one through eight), divided by the 
dynamic pressure. 
B. FLOW VISUALIZATION TECHNIQUES 
The flow visualization techniques make flow patterns visible. They provide a 
qualitative flow description, which together with corresponding pressure data will 
provide an analytical flow summary. In this study, surface oil/smoke flow visualization 
technique was used. 
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Apart from the stunning pictures produced from an oil flow analysis, an oil flow 
visualization study can principally point to regions of laminar or turbulent flows, identify 
vortex induced vortices, and detail areas of flow separation [19]. 
In the surface oil flow technique, a solution of oil and a dry pigment is applied 
evenly to a model surface and the wind tunnel is operated. The process results in droplets 
of oil with the powder inside. The wind shear over the droplets stretches them a distance 
proportional to the local surface shear stress values. Eventually, the oil gets carried away 
leaving pigmented streaks for examination [20]. The mixture used in the present study 
consisted of 10 mL (0.34-ounce) oleic acid for easy dispersion and five grams (0.18 
ounces) of titanium dioxide pigment which left a clear flow pattern. 
The use of tufts along with the surface oil flow method is especially useful for 
indicating flow direction including reverse (separated) flows. These short threads 
attached to the model can reveal areas of separation simply from the direction they point 
to during testing [20]. In this study, both were used together along with an occasional 
smoke flow visualization method as well. 
The author conducted an oil flow visualization test on a makeshift delta-wing 
(15.2 cm by 15.2 cm [six-inch by six-inch] square piece of thin aluminum) to visualize 
the importance of this concept. Figure 19a is the result of this test revealing a clear 
characteristic delta-wing footprint along with some dominant flow features. Two delta-
wings of opposite signs rolled up from the side whose imprint can be seen in the outer 
portions of the flow. Not only can the primary separation line can be seen, even the 
secondary and sometimes, tertiary separation lines become visible as indicated by the 
yellow lines. In this particular case, it is also clear that the flow stayed attached from the 
top left corner diagonally down to the bottom right corner as indicated by straight traces 
while the curved lines jutting on each side of the traces are caused by reattaching vortices 
customary of delta-wing flows. The features seen here are also seen in the study 




Figure 19.  On the left (a), a 15.2 cm by 15.2 cm (six-inch by six-inch) square 
piece of aluminum demonstrating the delta-wing oil flow visualization 
concept conducted at NPS MAE wind tunnel. On the right (b), is the 
delta-wing flow features. From [13]. 
Another technique used was smoke flow visualization. Unlike the oil flow 
visualization technique, the smoke flow technique is used to observe flows that are just 
above the surface of the model [19]. This data is viewed real-time. However, the rapid 
diffusion of the smoke makes it difficult to use at higher speeds. The smoke generator 
utilized for this study was a Magnum 1000 made by Martin Professional. A discharge 
tube was constructed of 6.4 mm (0.25-inch) copper tubing and routed from the generator 
to model for examination. The generator produced theatrical smoke via a heated glycol 
chemical reaction mixing with cooler outside air causing vaporized fog. Due to 




C. SOME FLOW CONTROL TECHNIQUES 
Once the wind loads are obtained, it is worthwhile to explore ways to minimize 
those using passive techniques. One of the other challenges for this study was to 
determine the safe stow position for the solar reflector design during high wind events. 
Both these objectives could be met through the use of a rounded edge installed on the 
lead panel acting like a flow guide (as Figure 20 depicts). A piece of 7.9 mm (5/16-inch) 
diameter wooden dowel rod was cut in half and attached to the leading edge and sides of 
only the lead panel. Because the rod diameter was equal to the height of the panel, the 
rounded edge served to smoothly guide the oncoming flow as it passed over the leading 
panel. The use of this rounded edge produced useful results and is described in Chapter 
IV. 
 
Figure 20.  Wooden rounded edge installed along edge of the lead panel. 
A scaled parapet was utilized for this study and was constructed of 8.9 cm (3.5-
inch) wide by 19 mm (0.75-inch) thick pinewood. A standard parapet wall generally rises 
above the walls as an extension. A similar design was adapted here. Thus, there was a 
gap between the model and parapet inside wall of about 5.1 cm (two inches). Therefore, 
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the parapet dimensions were 42 cm by 45.7 cm (16.5 inches by 18 inches). Figure 21 
shows the parapet inside the wind tunnel test section. With the model inside the boundary 
of the parapet and the model panels positioned 0° along the x-plane; the panels were 6.35 
mm (0.25 inches) below the top plane of the parapet. Conversely, with the model panels 
positioned to their maximum viewpoints (70° due to rigid pressure tap lines); the panel 
tips extended 2.86 cm (1.125 inches) above the parapet plane. Current research indicates 
these dimensions are reasonable. A 5.1 cm (two inch) gap between the model and parapet 
wall translates to approximately 0.457 meters (1.5-foot) clearance, wide enough for 
maintenance crews to negotiate. 
 
Figure 21.  Scaled parapet around the model array used for this study. 
D. EXPERIMENT MATRIX—TEST CONDITIONS 
As mentioned, the techniques employed were acquisition of pressure data and oil 
and smoke flow visualization images. A comprehensive test matrix was designed to 
capture these tests and all desired input variables such as wind velocity, wind angle 
orientation (θ ), and individual panel positions (See Appendix A). Representative test run 
variables consisted of wind velocities at 40.2 meters per second and 20.1 meters per 
second (90 and 45 mph), model wind angle orientations (θ ) to the flow, and various 
panel positions. Due to the number of variables involved, an identification scheme was 
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devised to quickly categorize them. Take for example, PP-20-0-0-20-V-90-O-0 as seen in 
Figure 22. PP represents panel position, 20-0-0-20 represents each of the four panel’s 
angle of attack (starting from windward to leeward side) relative to the oncoming flow in 
the x-plane, V-90 represents the velocity at 90 mph, and O-0 represents the wind angle 
orientation (θ ) relative to the oncoming flow. 
 
Figure 22.  Model panel position (PP) angles from left to right 20°, 0°, 0°, 20° 
(i.e., PP-0-0-0-0). 
Table 1 contains the key test arrangements examined for this study. The areas 
lined out in the table were not tested for two reasons. First, it was realized that the effects 
of a RE were nonexistent at panel positions greater than five degrees. Secondly, because 
the model lay beneath the separated shear layer above the top plane of the parapet for 
most configurations, it was sufficiently shielded from the wind effects of the oncoming 




Table 1.   Major test configurations considered for the study. Areas lined out 
were not tested. 
Non-Rounded Edge Rounded Edge Parapet 
PP-0-0-0-0-V-90-O-0 PP-0-0-0-0-V-90-O-0 PP-0-0-0-0-V-90-O-0 
PP-0-0-0-0-V-90-O-45 PP-0-0-0-0-V-90-O-45 --- 
PP-20-0-0-20-V-90-O-0 --- --- 
PP-20-0-0-20-V-90-O-45 --- --- 
PP-70-35-17.5-0-V-90-O-0 --- --- 
PP-70-35-17.5-0-V-90-O-45 --- PP-70-35-17.5-0-V-90-O-45 
PP--5-0-0-0-0-V-90-O-0 PP--5-0-0-0-0-V-90-O-0 --- 
 
Each combination of panel positions and wind velocities were tested for wind 
angle orientations (θ ) ranging from 0° to 90° at 30° intervals. Due to symmetry, only (θ
) angles of 0° to 90° were studied, although one set of data (90° to 180°) was taken and 
determined to be symmetrically valid when compared with 0° to 90°. Panel positions 
ranged from all panels arranged in the horizontal x-plane (PP-0-0-0-0) as if the sun were 
at high noon to all panels arranged as if the sun were at the dawn and dusk positions at 





IV. RESULTS AND DISCUSSION 
In this section, the key results obtained and their implications on the solar 
collector panel array design will be discussed. As mentioned, pressure readings were 
taken via the DSA 3217 pressure transducer assembly and a set of raw data was 
generated. That data was compiled according to the multitude of panel positions 
investigated and tracked on a test matrix. Appendix A shows the test matrix accounting 
for over several hours of wind tunnel operation. As also stated before, both oil and smoke 
flow visualization techniques were employed to enhance the understanding of flow 
physics and to help explain the measured loads. 
A note concerning scaling and the effect of Reynolds number on the model. 
Through dimensional analysis, one can see that since the wind velocity was identical in 
both cases, the model and prototype Reynolds numbers are only different by the model 
scale factor. In the present study, a 1:8 scale model was used. Thus, the one question that 
merits an answer is whether the flow behavior when the Reynolds number is reduced by 
this factor of eight is significant and if it affects the usefulness of the data. In this context, 
it should also be noted that for most wind speeds and orientations, we are likely to see 
separated flow from the sharp leading edge of the windward panel and all other panels 
are embedded in the resulting shear layer. It is well known that such leading edge flow 
separation is insensitive to Reynolds number variations and so, it is to be expected that 
the results will be applicable. To confirm this, tests were conducted on the model at 20.1 
meters per second and 40.2 meters per second (45 and 90 mph). The resulting differential 
pressure coefficients on the panels were plotted. The plots show that for most cases, the 
data seem to match at two speeds, with few exceptions. Any differences could be 
attributed to slight dependence of leading edge flow separation on Reynolds number. 
The experimental data was obtained for three critical variables: wind velocity, 
wind angle orientation (θ ), and panel position relative to the wind (angle of attack). The 
following describes the results for the chief configurations tested from Table 1. 
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Due to symmetry, only wind orientation (θ ) angles of 0° to 90° were used. A 
typical result is shown in Figure 23 for the case of the model being rotated by 180°. In it, 
the differential pressure coefficients between the lower and upper surfaces for the various 
pressure tap locations were plotted (see Figure 18 in Chapter III for their definitions). The 
virtually identical results seen in Figure 23 on the lead panel when the model was turned 
by 180° clearly validates this assertion. Thus, the need to record data at model angles 
greater than 90° was eliminated reducing the test time and effort significantly. 
  
Figure 23.  Comparison of ΔCp results on the lead panel when the model was 
rotated 180° for PP-0-0-0-0-V-90-O-0. 
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A. RESULTS FOR PP-0-0-0-0-V-90-O-0 
This solar collector configuration nomenclature defines that all four panels are at 
0° angle of attack in the x-plane, velocity of the oncoming flow is 40.2 meters per second 
(90 mph), and the model orientation (θ ) is 0° to the oncoming flow. The notation (0-0-0-
0) represents the position of the model when the sun’s attitude is at high noon. 
1. Oil flow visualization 
The configuration PP-0-0-0-0-V-90-O-0 was examined through oil flow 
visualization to qualitatively analyze the flow. Figure 24 shows the result. The wind flow 
is from right to left in the direction of the arrow. As the wind flows over Panel 1 (right 
side), it attempts to negotiate its sharp edge but, separates slightly downstream from its 
leading edge. As this flow reattaches downstream, it produces a separation bubble. The 
black line drawn lengthwise shows a definite reattachment threshold. This threshold is 
the division between flows migrating forward up to approximately 3.18 mm (1/8-inch) 
from the leading edge of Panel 1 and flowing normally aft over the trailing three panels. 
As can be expected, the reattachment of the separating shear layer depends on many 
factors, including the sharpness of the leading edge, the wind direction, the angle of 
attack of the panel and so on. Inside the separation bubble, the oil droplets move forward 
after a small length of very near zero velocity as can be inferred from the absence of dye 
streaks locally. As the droplets move toward the leading edge forming streaks, the line of 
separation becomes clearly visible at the forward tips of the backward facing arrows at 
which point, they become stagnant again. Although the whole flow picture remains 
largely two-dimensional, inside the bubble, the flow is complex and only qualitative 
inferences can be drawn from such visualization techniques. In order to fully understand 
the flow features, tufts were fastened to the rearward panels at selected locations to their 
leading edges (Figure 24). The tufts indicated the instantaneous flow direction. In the 
figure, it can be seen from the progressively increasing smear width of the dye mixture 
(due to the lever arm for the wiping action being longer at the downstream end of the 
tuft) that the flow was always attached, although highly unsteady. This remarkable result 
immediately leads one to expect reduced wind loads on Panels 2 through 4 due to the 
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attached flow, a result that was also clearly established by quantitative pressure 
measurements and will be discussed later. Video recordings of the flow obtained for this 
condition enabled arriving at the above flow description more definitely. 
 
Figure 24.  Oil flow visualization result for PP-0-0-0-0-V-90-O-0 with tufts. 
2. Pressure data 
To help explain the flow behavior of measured pressure coefficients (loads) in 
relation to the entire model, a 2-D Microsoft Excel plot and a 3-D MATLAB plot were 
generated to graphically display flow features on all four panels. 
There are eight pressure data points plotted in Figure 25. These correspond to the 
upper and lower surface pressure differences on each panel at the same geometric 
location. The first four values represent pressure taps situated near the leading edge of 
each panel and the last four near the respective trailing edges (Figure 18 refers). 
It is clear from Figure 25 that pressure differences are significant on the most 
windward panel (ΔCp > 1.5) while the other three panels experience near zero loading 
due to the shielding effect of the front panel. Thus, the windward panel is subjected to 
large wind loads, a fact that is vital to the design of its supporting structure. In many 
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cases, the panel reflector mirrors are glued to the surface and hence, the joint must be 
designed to withstand the shear loads associated with the unsteady surface flow features 
discussed above. This places a demand on such studies to also quantitatively document 
the surface shear stress distribution, which is an extraordinarily challenging experimental 
task. However, one may be able to obtain its estimate using simplified computational 
studies.  
Additionally, Figure 25 also presents results for wind speeds of both 20.1 meters 
per second and 40.2 meters per second (45 mph and 90 mph). The pressures at points two 
and three seem slightly lower for the lower speed case; however, it is believed to be due 
to some inadequate averaging of the fluctuations in the separated flow. Limitations of the 
DSA 3217 transducers in specifying averaging times may have introduced slight 
inconsistencies are arbitrary instants. However, the overall trend appears clear. 
Interestingly, the results for both speeds appear to overlap (with some exceptions as just 
noted). The reasonably comparable results at the two speeds thus justify the hypothesis 
that the results of the study can be scalable without much error. It also makes the results 
directly useful to a prototype unit design and for speeds encountered in its operation, 
which can be at times even higher (as in a Category 2 hurricane, for example). 
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Figure 25.  ΔCp results for PP-0-0-0-0-V-45/90-O-0. 
Figure 26 is a MATLAB plot that depicts the flow features for this same 
configuration. In addition to proving high wind loads on Panel 1; Figure 26 also visually 
identifies the separated region after the flow passes over Panel 1. It displays how the flow 
separates slightly downstream from the leading edge and when the flow reattaches 
downstream, it produces a classic separation bubble (a region of near-constant low 
pressure). The remaining three panels benefit from the shielding effect of Panel 1 and 
therefore, experience near zero wind pressure coefficients. This correlates to the oil flow 
visualization result in Figure 24. 
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Figure 26.  Flow features as a result of PP-0-0-0-0-V-90-O-0. 
B. RESULTS FOR PP-0-0-0-0-V-90-O-0 WITH ROUNDED EDGE 
This solar collector configuration nomenclature is defined as in the previous 
section, but it incorporates a rounded edge (RE) on the lead panel only. The use of a RE 
was experimented with to determine the optimum wind reduction capability combined 
with the best stow position of the array during a high wind event. 
1. Oil flow visualization 
The configuration PP-0-0-0-0-V-90-O-0-RE was examined through oil flow 
visualization to qualitatively analyze the flow. Figure 27 shows the result. In contrast to 
Figure 24 (without a RE) of the same configuration (0-0-0-0), Figure 27 (with a RE) 
shows a startling result. The flow has not separated at any time as it passed over the 
array. It appears the RE has successfully guided the flow over the lead panel and 
prevented separation thus allowing it to stay attached throughout.   
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Figure 27.  Oil flow visualization for PP-0-0-0-0-V-90-O-0-RE. 
2. Smoke flow visualization 
The configuration PP-0-0-0-0-V-10-O-0-RE was also examined through smoke 
flow visualization to back the findings found in Figure 27. Figure 28 shows how the RE 
guided the flow gently over the top of the panels. It appears the smoke was attached to 
the face of the panels as it passed over the entire model. 
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Figure 28.  Smoke flow visualization for PP-0-0-0-0-V-10-O-0-RE. 
3. Pressure data 
Figures 29 and 30 results show the solar collector configuration with the use of a 
RE. As before, the first panel bore the thrust of the wind loads however, when compared 
to Figures 25 and 26, they were greatly reduced (ΔCp ~0.5). The total decrease in 
differential pressure coefficient values from 1.65 to 0.5 equates to approximately 70% 
load decrease just with the use of a simple RE. Thus, it seems that simply using a semi-
circular front edge would be sufficient to dramatically lower the wind loads on the 
configuration tested. As stated earlier, this may increase the surface shear stresses on the 
collector panels. However, these are large sheets of polished surfaces (unlike the 
commercial solar cells, which employ an assembly of mini tiles) and so can withstand the 
shear better than the commercial units which tend to be more susceptible to surface shear 
effects, especially at high wind speeds. 
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Figure 29.  ΔCp results for PP-0-0-0-0-V-45/90-O-0-RE. 
 
Figure 30.  Flow features as a result of PP-0-0-0-0-V-90-O-0-RE. 
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4. Results with a parapet 
Figure 31 shows the solar collector configuration PP-0-0-0-0-V-90-O-0 with a 
parapet. These results are consistent with the notion that if the panel’s height does not 
extend above the height of the parapet, then the separated shear layer would not impact 
the wind loads on the arrays as described by Banks [12]. The extremely low loads with 
the presence of the parapet wall suggest that in buildings where the proposed system will 
be deployed, it may be worthwhile to also build a parapet so that the collector array can 
be used but all but extreme weather conditions. 
No oil flow visualization data was taken for this configuration because with a 
parapet surrounding the array as seen in Figure 21, the results show the oil droplets do 
not leave any discernable streaks to observe. For the remainder of the oil flow 
observational studies in this thesis, when the panels are positioned such that they are 
beneath the top plane of the parapet, no data will be reported. 
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Figure 31.  ΔCp results for PP-0-0-0-0-V-45/90-O-0 with a parapet. 
C. RESULTS FOR PP-0-0-0-0-V-90-O-45 
This solar collector configuration nomenclature is defined the same as the 
previously described, however the model angle of orientation (θ ) is at 45° to the 
oncoming flow vice 0°. 
1. Oil flow visualization 
The configuration PP-0-0-0-0-V-90-O-45 was examined through oil flow 
visualization to qualitatively analyze the flow. The right-hand side of Figure 32 shows the 
classic delta-wing footprint with the primary and secondary vortex reattachment lines 
labeled in yellow. The flow after the vortex reattachment lines is collinear with the 
oncoming flow and is indicated by straight yellow arrows down the middle section of the 
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model. However, on the left-hand side of the figure, one would expect to see the left-
flanked delta-wing reattachment lines. The production of mini corner vortices by the 
corners of Panels 2 through 4 has disrupted that left-flanked vortex produced by Panel 1, 
therefore is the reason no main vortex reattachment lines are present. Thus, the clearance 
passage between the panels has also served to mitigate the adverse effects of a strong 
delta-wing type vortex that would otherwise be present. 
 






2. Pressure data 
Figures 33 and 34 show that Panel 1 assumes the greatest amount of load (ΔCp 
~1) while the trailing panels exhibit approximately half as much loads (ΔCp ~ 0.45). Of 
note, the secondary reattachment line fell upon pressure tap number three on Panel 1 
(Figure 32). Intriguingly, Figure 33 confirms this observation that pressure tap number 
three experienced the highest ΔCp value in this configuration. 
 
Figure 33.  ΔCp results for PP-0-0-0-0-V-45/90-O-45. 
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Figure 34.  Flow features as a result of PP-0-0-0-0-V-90-O-45. 
D. RESULTS FOR PP-20-0-0-20-V-90-O-0 
This solar collector configuration nomenclature defines the panels as if the model 
were shaped as a concave (see Figure 22). The first and last panel positions are angled 
20° inward while the middle two panels are 0° to the x-plane. Wind velocity is 40.2 
meters per second (90 mph) and the model orientation (θ ) is 0° to the oncoming flow. 
1. Oil flow visualization 
The configuration PP-20-0-0-20-V-90-O-0 was examined through oil flow 
visualization to qualitatively analyze the flow. This configuration results in an interesting 
phenomenon seen in Figure 35. From the top viewpoint, because the lead panel is angled 
20° to the oncoming flow, it has caused a very large scale separation region, which wraps 
around both sides of the model. The resulting vertical flow indicates reverse flow in the 
middle section of Panel 2 and some of Panel 3. The remainder of the flow proceeds 
inward and aft on Panels 3 and 4. The top face of Panel 1 experienced no oil droplet 




Figure 35.  Top view of oil flow visualization for PP-20-0-0-20-V-90-O-0. 
2. Smoke flow visualization 
The configuration PP-20-0-0-20-V-10-O-0 was also examined through smoke 
flow visualization to back the findings found in Figure 35. The smoke flow visualization 
revealed a dip in the smoke flow immediately above panel two. The location of the dip 
corresponds to the reverse flow effect produced by a wraparound vortex seen in the oil 
flow visualization result in Figure 35. 
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Figure 36.  Smoke flow visualization for PP-20-0-0-20-V-10-O-0. 
3. Pressure data 
Figure 37 results show Panels 1 and 4 experienced the largest differential pressure 
coefficient values (approximately -1.25 to 1.25). These values are practically equal and 
opposite and thus, have exerted an enormous clock-wise bending moment on the entire 




Figure 37.  ΔCp results for PP-20-0-0-20-V-45/90-O-0. 
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Figure 38.  Flow features for PP-20-0-0-20-V-90-O-0. 
A key discovery concerning the use of a RE for configurations greater than five 
degrees is that it had no distinct influence on ΔCp values. Therefore, no significant data 
was found with a RE tested at configuration PP-20-0-0-20-V-90-O-0. As a result of this 
finding, no further RE data is reported in this paper for panel positions greater than five 
degrees. 
E. RESULTS FOR PP-20-0-0-20-V-90-O-45 
This solar collector configuration nomenclature defines the panels as if the model 
was shaped as a concave as seen in Figure 22. The first and last panel positions are 
angled 20° inward while the middle two panels are 0° to the x-plane. Wind velocity is 
40.2 meters per second (90 mph) and the model orientation (θ ) is 45° to the oncoming 
flow. 
1. Oil flow visualization 
The configuration PP-20-0-0-20-V-90-O-45 was examined through oil flow 
visualization to qualitatively analyze the flow. With the model oriented 45° to the 
oncoming flow, the characteristic delta-wing footprint is evident. The right-hand side of 
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Figure 39 displays this concept with the primary and secondary vortex reattachment lines 
labeled in yellow. The flow after the vortex reattachment lines is again collinear with the 
oncoming flow and is indicated by straight yellow arrows down the middle section of the 
model. However, on the left-hand side of the figure, one would expect to see the left-
flanked delta-wing reattachment lines. But, as already discussed, the presence of mini 
corner vortices produced by the corners of Panels 2 through 4 and the wraparound vortex 
produced by Panel 1 have disrupted the left-flanked delta-wing vortex, thus is the reason 
no main vortex reattachment lines are present on the left hand side. 
 
Figure 39.  Top view of oil flow visualization for PP-20-0-0-20-V-90-O-45. 
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2. Pressure data 
Figures 40 and 41 show that Panel 1 assumes the greatest amount of load (ΔCp 
~2.5) while Panel 4 (although also inclined 20°, but is shielded) experiences about 75% 
as much opposite loading as Panel 1. The secondary reattachment line fell upon pressure 
tap number two on Panel 1 (Figure 39). Intriguingly, Figure 40 confirms this observation 
that pressure tap number two experienced the highest ΔCp value in this configuration. 
This mentions to the fact that the greatest loads are seen along a vortex reattachment. The 
pressure coefficient data suggests that there is an overall clockwise moment acting on the 
entire system for this configuration, a fact that must be included into the design of the 
various support systems for the panels, especially in view of their very long span. 
Additionally, these unusual flow patterns suggest a need for incorporating a larger 
number of pressure taps on the larger scale model to assess the flow between these 
structures and see if spikes in local loads can be caused by them. This fact has now been 
considered in the 30% scale higher fidelity model currently being designed and built. 
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Figure 40.  ΔCp results for PP-20-0-0-20-V-45/90-O-45. 
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Figure 41.  Flow features for PP-20-0-0-20-V-90-O-45. 
F. RESULTS FOR PP-70-35-17.5-0-V-90-O-0 
This solar collector configuration (approximately corresponding to the early 
morning or late evening sun position) nomenclature defines that all four panels are 
positioned in the x-plane such that the sun is at the edge of the horizon. The first panel is 
positioned to its maximum attitude of 70° (due to rigid pressure tubes) while the trailing 
panels are arranged to half the angle of its preceding panel while the last panel is set to 
0°. The velocity of the oncoming flow is 40.2 meters per second (90 mph) and the model 
orientation (θ ) is 0° to the oncoming flow.  
1. Oil flow visualization 
The configuration PP-70-35-17.5-0-V-90-O-0 was examined through oil flow 
visualization to qualitatively analyze the flow. This configuration resulted in an 
interesting phenomenon as seen in Figure 42. Because the lead panel was angled to its 
maximum position of 70° to the oncoming flow, it caused a strong wraparound separated 
flow on both sides of the model. The vortices inside these areas included reverse flow 
(yellow arrows) on Panels 2 and 3 even though they were also inclined to 35° and 17.5° 
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respectively. At both leading corners of Panel 4, vortices were produced due to the 
inclination of the preceding panels. This triggered some flow to reverse direction and the 
remaining flow to proceed inward and aft on Panel 4.  
 
Figure 42.  Oil flow visualization results for PP-70-35-17.5-0-V-90-O-0. 
2. Smoke flow visualization 
The configuration PP-70-35-17.5-0-V-10-O-0 was also examined through smoke 
flow visualization to reinforce the findings found in Figure 42. Figure 43 shows the 
separated flow wrapping above, reattaching, and reversing direction over Panel 3. This 
corresponds to the oil flow visualization result in Figure 42. 
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Figure 43.  Smoke flow visualization for PP-70-35-17.5-0-V-10-O-0. 
3. Pressure data 
Figures 44 and 45 both show Panel 1 experienced the largest differential pressure 
coefficient values (~1.5+) while at the same time effectively shielding the remaining 
panels. The shielding effect caused near zero ΔCp values for Panels 2 through 4. 
Of note, Panel 1 in Figure 45 showed that all eight pressure taps experienced 
greater than 1.5 ΔCp values. However, when the panel was angled 0° in the x-plane 
(Figure 26), only the first four taps experienced large differential pressure coefficients. 
This is attributed to the fact that it was angled 70° to the oncoming flow and therefore 
was feeling the maximum effect over the total surface area of the panel. In fact, the flow 
over the panel is approaching the classical flat plate at 90° situation, which is known to 
have a theoretical drag coefficient of 2.0 with the front seeing attached flow and the rear 
surface fully separated. 
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Figure 44.  ΔCp results for PP-70-35-17.5-0-V-45/90-O-0. 
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Figure 45.  Flow features for PP-70-35-17.5-0-V-90-O-0. 
G. RESULTS FOR PP-70-35-17.5-0-V-90-O-45 
This solar collector configuration nomenclature defines that all four panels are 
positioned in the x-plane such that the sun is at the edge of the horizon. The first panel is 
positioned to its maximum attitude of 70° while the trailing panels are arranged to half 
the angle of its preceding panel while the last panel is set to 0°. The velocity of the 
oncoming flow is 40.2 meters per second (90 mph) and the model orientation (θ ) is 45° 
to the oncoming flow. 
1. Oil flow visualization 
The configuration PP-70-35-17.5-0-V-90-O-45 was examined through oil flow 
visualization to qualitatively analyze the flow. This configuration produced the most 
complex flow movement and highest differential pressure coefficients in this study 
(3.25). Figure 46 shows that Panel 1 saw a strong point force directed on the right center 
of the panel. Time-lapse photography revealed that the oil droplets spread out evenly 
from this point like water ripples expanding in a pond. Panels 2 and 3 saw vortex eddies 
form at their respective upper right-hand corners. Because Panel 2 was positioned at 35° 
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in the x-plane, it caused half the flow from the bottom edge to proceed to the vortex while 
the remainder continued transversely to the left side of the panel 90° from the oncoming 
flow. Panel 3 was positioned at 17.5° and therefore caused a small portion of the flow to 
produce a clear vortex eddy while the majority proceeded along the same path as the 
oncoming flow. Panel 4 was positioned at 0° and produced a typical corner vortex with 
all its flow progressing linearly along the same path as the oncoming flow. 
 
Figure 46.  Oil flow visualization results for PP-70-35-17.5-0-V-90-O-45. 
2. Pressure data 
Figures 47 and 48 both show Panel 1 experiencing the largest differential pressure 
coefficient values (3.25). These forces were recorded by pressure taps one and five due to 
the strong wraparound vortex produced by Panel 1. These two taps registered the highest 
ΔCp values respectively (3.25 and ~2) and were the greatest recorded during this study. 
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Figure 47.  ΔCp results for PP-70-35-17.5-0-V-45/90-O-45. 
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Figure 48.  Flow features for PP-70-35-17.5-0-V-90-O-45. 
3. Results with a parapet 
Figure 49 shows the solar collector configuration PP-70-35-17.5-0-V-90-O-45 
with a parapet. In this case, because Panel 1 was positioned at 70° in the x-plane, its edge 
extended above the height of the parapet into the separating shear layer by 2.86 cm 
(1.125 inches). As a result, Figure 49 shows that pressure tap number one on Panel 1 had 
the only significant ΔCp value (~0.6). The remaining taps and panels were sufficiently 
shielded and therefore registered near zero pressure coefficients. These values are 
significantly smaller than without the parapet, which makes a strong case for the 
construction of a parapet on all buildings where the units are deployed. 
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Figure 49.  ΔCp results for PP-70-35-17.5-0-V-45/90-O-45 with a parapet. 
H. RESULTS FOR PP--5-0-0-0-V-90-O-0 
This solar collector configuration nomenclature defines that the lead panel is 
negative five degrees and the remaining three panels are 0° in the x-plane, velocity of the 
oncoming flow is 40.2 meters per second (90 mph), and the model orientation (θ ) is 0° 
to the oncoming flow. This arrangement represents the anticipated stow position of the 
model during a high wind event. 
1. Oil flow visualization 
The configuration PP--5-0-0-0-V-90-O-0 was examined through oil flow 
visualization to qualitatively analyze the flow. Figure 50 results are similar to Figure 24 
results (PP-0-0-0-0-V-90-O-0) with the only difference of Panel 1 angled negative five 
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degrees to the oncoming flow. Both results are somewhat similar. In Figure 50, Panel 1 
produces a separation bubble however, a much smaller one. The reattachment threshold 
line drawn across Panel 1 in yellow is considerably closer to the front edge of the panel 
(two cm [~0.75-inch] at its widest point) vice 3.18 cm (1.25 inches) in Figure 24 when 
not inclined. As a result, differential pressure coefficient values were about 1.15 lower 
when the model was placed into this stow position. From the threshold division line, flow 
reversed up to approximately 3.18 mm (0.125-inch) from the leading edge and aft over 
the trailing panels while staying attached. 
 
Figure 50.  Oil flow visualization results for PP--5-0-0-0-V-90-O-0. 
2. Pressure data 
The results in Figures 51 and 52 show the solar collector configuration in the stow 
position. The small angle change of negative five degrees in the lead panel had an 
enormous impact on pressure coefficient reduction. The total decrease in differential 
pressure coefficient values from ~1.65 to ~0.5 equated to approximately 70% load 
decrease just by positioning the lead panel to a negative five degree angle. 
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Figure 51.  ΔCp results for PP--5-0-0-0-V-45/90-O-0. 
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Figure 52.  Flow features for PP--5-0-0-0-V-90-O-0. 
I. RESULTS FOR PP--5-0-0-0-V-90-O-0 WITH ROUNDED EDGE 
This solar collector configuration nomenclature defines that the lead panel is 
negative five degrees and the remaining three panels are 0° in the x-plane, velocity of the 
oncoming flow is 40.2 meters per second (90 mph), and the model orientation (θ ) is 0° 
to the oncoming flow. This arrangement represents the anticipated stow position of the 
model during a high wind event as well as a rounded edge on the lead panel only. 
1. Oil flow visualization 
The results in Figure 53 results are similar to those in Figure 50 (without a RE); 
however, Panel 1 has a RE attached to its leading edges. In Figure 53, the RE guided the 
flow gently over Panel 1 virtually eliminating the separation threshold line seen in Figure 
50. The line drawn across Panel 1 in yellow is essentially at the point (3.18 mm [1/8-
inch] from the leading edge) where the reverse flow ceased in the case of PP--5-0-0-0-V-
90-O-0 in Figure 50. Therefore, the combination of inclining the lead panel negative five 
degrees along with a RE attached to the leading edges of Panel 1, resulted in the wind 
loads on it to be less than Panel 2. 
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Figure 53.  Oil flow visualization results for PP--5-0-0-0-V-90-O-0-RE. 
2. Pressure data 
Figures 54 and 55 results show the solar collector configuration in the stow 
position with the use of a RE. Previously when the panel positions were similarly 
arranged (0-0-0-0) with a RE, Panel 1 experienced ΔCp values of approximately 0.6. 
However, with this configuration (-5-0-0-0), Panel 2 actually recorded higher ΔCp values 
than any others. However, the values observed were still small compared to the 
maximum seen without the rounded leading edge case. Again, the combination of 
positioning the lead panel to negative five degree angle combined with the RE to the 
oncoming flow resulted in slightly less ΔCp values (~0.1) than Panel 2. Figures 54 and 55 
depict how Panel 2 flow features are slightly higher than Panel 1 flow features. 
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Figure 54.  ΔCp results for PP--5-0-0-0-V-45/90-O-0-RE. 
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Figure 55.  Flow features for PP--5-0-0-0-V-90-O-0-RE. 
In this chapter, key results obtained and their implications on the 1:8 scale model 
of a rooftop mounted, solar collector panel array from a wind tunnel study of wind loads 
were discussed. Oil/smoke flow visualization and pressure coefficient results from 
various angles and panel positions were analyzed and hypotheses were formulated as to 
the reasons for their behavior. The major conclusions found are discussed in Chapter V 
and will facilitate the calculation of wind loads on the array by the end user. 
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V. CONCLUSIONS AND FUTURE WORK 
This study provided a detailed look at the flow features and aerodynamic pressure 
coefficients that resulted from manipulating windward orientations of a four-panel solar 
reflector array. The major results and conclusions with their implications on the solar 
reflector panel array design are discussed. The static pressures at selected locations on the 
panel surfaces were measured as well as oil/smoke flow visualization techniques were 
utilized to assist analyzing each test configuration. A look into the possibility of future 
work is also discussed. 
A. MAJOR CONCLUSIONS FOUND 
It was discovered that the use of a RE for any configuration greater than five 
degrees had no impact on differential pressure coefficients. Therefore, no significant 
change in data was found or reported when a RE was tested at these configurations.  
To recap the identification scheme for items (1) and (2), PP defines the panel 
position of the four panel’s angle of attack relative to the oncoming flow in the x-plane, 
V-90 is the velocity at 40.2 meters per second (90 mph), and O-0 is the wind angle 
orientation (θ ) relative to the oncoming flow. 
(1) Configuration PP-0-0-0-0-V-90-O-0 
This configuration was tested with a RE on the lead panel, without a RE, and with 
a parapet. Without a RE, the maximum ΔCp value was 1.65. With a RE, it was 
approximately 0.5, a decrease of approximately 70%. It was determined that the large 
scale flow separation and reversed flow occurring on the windward panel (Panel 1) were 
the reasons for the largest wind loads observed even at these low pitch angles. Panel 1 
took the majority of the thrust and therefore, fully protected the trailing panels. When a 
parapet was introduced, all ΔCp values dropped significantly and were nearly zero. This 
was because the model was sufficiently under the separated shear layer located above the 
top plane of the parapet. 
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(2) Configuration PP-20-0-0-20-V-90-O-0  
This configuration produced an enormous clock-wise bending moment on the 
entire model due to the differences between the lead and final panel differential pressure 
coefficients. This fact must be included into the design of the various support systems for 
the panels, especially in view of their very long span.  
(3) Greatest wind loads 
The greatest wind loads (ΔCp 3.25) were detailed at PP-70-35-17.5-0-V-90-O-45. 
With the oncoming wind at 45°, large corner vortices developed and pushed ΔCp values 
to their greatest levels in this study. This flow condition should be always analyzed in 
view of the extraordinary flow features that develop and their effects on the wind loads. 
(4) Parapet use 
The use of a parapet wall mitigated the wind loads remarkably. In all cases where 
a parapet was tested, ΔCp values were near zero except when the panel edges reached far 
enough into the separated shear layer, as was observed for the configuration PP-70-35-
17.5-0-V-90-O-45. So, it appears desirable to add it on U.S. Navy facilities where the 
proposed PV array system will be installed. 
(5) Stow position 
Stow position studies suggested the lead panel be positioned negative five 
degrees, the model oriented orthogonal to the most expected direction of the oncoming 
flow, and a RE attached to the windward panel while the trailing panels are set at zero 
degrees. Excluding parapet recordings in this study, PP--5-0-0-0-V-90-O-0-RE produced 
the lowest ΔCp values of 0.45. This arrangement would be most suitable for Category 2 
level hurricane winds because considerable reduction of wind loads was measured. 
(6) Components and cladding 
For all cases studied, the need for proper components and cladding shall be 
addressed. The windward panel was subjected to large wind loads, a fact that is vital to 
the design of its supporting structure. In many cases, the panel reflector mirrors are glued 
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to the surface and hence, the joint must be designed to withstand the shear loads 
associated with the unsteady surface flow features discussed. 
B. FUTURE WORK 
Future work should focus on the finer details of data gathering and the design of a 
larger scale model. For example, instead of 16 pressure taps per panel, at least double that 
amount per panel and strategically place them closer to the edges of the panels. The 
unusual flow patterns examined suggest a need for incorporating a larger number of 
pressure taps on the larger scale model to assess the flow between these structures and 
see if spikes in local loads can be caused by them. This fact has already been considered 
in the 30% scale higher fidelity model currently being designed and built. 
The work done in this study mainly consisted of steady flows. Future work should 
focus on unsteady flow measurements, their impact on the model array, and where the 
flow is unlikely to go. 
Another area of potential analysis is employing analogous passive deflectors 
much like the RE utilized in this study. For example, selecting different types of air flow 
deflectors such as a tetrahedral shaped device used by Johnson and Sathe [21], could 
effectively allow oncoming flows to rise above downstream elements more efficiently. 
C. APPLICABILITY TO THE NAVY 
The studies conducted suggest that it is worthwhile for the Navy to pursue this 
unique and innovative design because of its robustness and greater PV efficiency 
compared to conventional rooftop solar technologies. Through the use of relatively low-
cost passive wind load countermeasures to potentially one of the highest solar efficiencies 
in industry, this DOD solar technology initiative is a breakthrough and thus, supports the 
SECNAV Shore Energy Policy. 
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APPENDIX A.  TEST MATRIX PRESSURE COEFFICIENT TABLES 
Appendix A is a comprehensive test matrix containing the pressure coefficient 
values from the configurations listed in Table 1. The test matrix (totaling over 100 hours 
of wind tunnel operation) was designed to capture these tests and desired input variables: 
wind velocity, wind angle orientation (θ ), and individual panel positions. Each panel 
was outfitted with 16 pressure taps. Figure 18 shows the specific locations of the upper 
and corresponding lower pressure taps. 
Table 2.   Pressure coefficients for PP-0-0-0-0-V-90. 
Panel 1 
 Model Orientation to Flow 
Tap 
Number 
0° 10° 30° 45° 75° 90° 
1 -0.013 -0.017 -0.023 -0.016 -0.02 -0.023 
2 -0.012 -0.014 -0.015 0.004 -0.01 -0.011 
3 -0.237 -0.201 -0.121 -0.091 -0.052 -0.008 
4 -0.189 -0.143 -0.086 -0.067 -0.051 -0.021 
5 -0.014 -0.016 -0.023 -0.031 -0.039 -0.059 
6 -0.012 -0.011 -0.003 -0.013 -0.014 -0.011 
7 -0.228 -0.206 -0.149 -0.143 -0.028 -0.006 
8 -0.183 -0.26 -0.012 -0.042 -0.032 -0.051 
9 0.023 0.018 0.025 0.023 0.012 -0.001 
10 0.012 0.01 0.011 0.009 0.004 -0.003 
11 -0.007 -0.007 -0.004 -0.001 -0.003 -0.006 
12 -0.018 -0.014 -0.003 0.004 0.002 -0.006 
13 0.027 0.031 0.018 -0.001 -0.02 -0.04 
14 0.013 0.014 0.011 0.004 -0.003 -0.009 
15 -0.006 -0.007 -0.01 -0.012 -0.014 -0.016 
16 -0.02 -0.026 -0.033 -0.026 -0.035 -0.045 




0° 10° 30° 45° 75° 90° 
1 -0.008 -0.012 -0.029 -0.045 -0.052 -0.059 
2 -0.005 -0.008 -0.012 -0.013 -0.015 -0.015 
3 -0.019 -0.019 -0.026 -0.024 -0.018 -0.014 
4 -0.018 -0.026 -0.04 -0.051 -0.056 -0.051 
5 -0.005 -0.007 -0.012 -0.019 -0.026 -0.027 
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6 -0.005 -0.007 -0.006 -0.01 -0.011 -0.013 
7 -0.019 -0.02 -0.016 -0.02 -0.016 -0.012 
8 -0.017 -0.015 -0.017 -0.022 -0.03 -0.029 
9 -0.009 -0.003 0.015 -0.005 -0.038 -0.052 
10 -0.025 -0.02 -0.011 -0.012 -0.011 -0.016 
11 -0.009 -0.01 -0.01 -0.014 -0.014 -0.016 
12 -0.013 -0.021 -0.057 -0.072 -0.073 -0.055 
13 -0.008 0 0.018 0.018 0.008 -0.003 
14 -0.023 -0.02 -0.003 -0.001 -0.001 -0.004 
15 -0.008 -0.007 -0.002 0 -0.001 -0.004 
16 -0.013 -0.01 -0.007 -0.004 -0.005 -0.005 




0° 10° 30° 45° 75° 90° 
1 -0.01 -0.013 -0.024 -0.036 -0.055 -0.048 
2 -0.01 -0.01 -0.014 -0.015 -0.017 -0.014 
3 -0.014 -0.015 -0.018 -0.021 -0.025 -0.015 
4 -0.014 -0.019 -0.034 -0.051 -0.057 -0.064 
5 -0.009 -0.012 -0.019 -0.026 -0.026 -0.027 
6 -0.009 -0.01 -0.012 -0.014 -0.013 -0.013 
7 -0.014 -0.015 -0.018 -0.018 -0.021 -0.015 
8 -0.015 -0.013 -0.021 -0.03 -0.033 -0.028 
9 -0.007 -0.003 -0.001 -0.013 -0.038 -0.048 
10 -0.023 -0.02 -0.015 -0.018 -0.011 -0.015 
11 -0.016 -0.015 -0.015 -0.017 -0.016 -0.014 
12 -0.014 -0.015 -0.037 -0.037 -0.051 -0.047 
13 -0.006 0.003 0.017 0.027 0.013 -0.006 
14 -0.022 -0.019 -0.008 -0.002 -0.003 -0.008 
15 -0.015 -0.014 -0.01 -0.006 -0.006 -0.006 
16 -0.014 -0.016 -0.016 -0.01 -0.006 -0.008 




0° 10° 30° 45° 75° 90° 
1 -0.025 -0.026 -0.026 -0.031 -0.052 -0.055 
2 -0.024 -0.025 -0.023 -0.017 -0.013 -0.008 
3 -0.016 -0.017 -0.016 -0.018 -0.035 -0.013 
4 -0.019 -0.022 -0.033 -0.047 -0.057 -0.065 
5 -0.023 -0.026 -0.033 -0.03 -0.02 -0.019 
6 -0.024 -0.025 -0.026 -0.02 -0.009 -0.007 
7 -0.017 -0.019 -0.022 -0.019 -0.016 -0.011 
8 -0.018 -0.019 -0.027 -0.031 -0.029 -0.024 
9 -0.019 -0.009 -0.005 -0.017 -0.029 -0.045 
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10 -0.038 -0.036 -0.029 -0.02 -0.016 -0.021 
11 -0.036 -0.036 -0.029 -0.021 -0.014 -0.014 
12 -0.033 -0.031 -0.035 -0.031 -0.05 -0.047 
13 -0.019 -0.012 -0.001 0.014 0.008 -0.005 
14 -0.039 -0.036 -0.026 -0.014 -0.003 -0.006 
15 -0.036 -0.035 -0.03 -0.016 -0.003 0 
16 -0.034 -0.035 -0.036 -0.02 -0.007 0 
Table 3.   Pressure coefficients for PP-0-0-0-0-V-90-RE. 
Panel 1 
 Model Orientation to Flow 
Tap Number 0° 30° 45° 90° 
1 -0.013 -0.022 -0.029 -0.046 
2 -0.01 -0.015 -0.015 -0.013 
3 -0.067 -0.058 -0.04 -0.008 
4 -0.059 -0.045 -0.041 -0.042 
5 -0.012 -0.016 -0.015 -0.024 
6 -0.007 -0.015 -0.011 -0.011 
7 -0.062 -0.054 -0.037 -0.006 
8 -0.051 -0.052 -0.041 -0.02 
9 0.025 0.018 -0.002 -0.038 
10 0.022 0.015 0.003 -0.014 
11 -0.003 -0.009 -0.012 -0.02 
12 -0.012 -0.042 -0.038 -0.039 
13 0.024 0.026 0.021 -0.002 
14 0.019 0.016 0.011 0 
15 -0.002 0 0.002 -0.002 
16 -0.017 -0.003 0.001 -0.004 
     
Panel 2 
Tap Number 0° 30° 45° 90° 
1 -0.008 -0.026 -0.036 -0.045 
2 -0.011 -0.012 -0.013 -0.014 
3 -0.033 -0.029 -0.023 -0.013 
4 -0.024 -0.036 -0.041 -0.058 
5 -0.007 -0.013 -0.02 -0.028 
6 -0.01 -0.009 -0.009 -0.013 
7 -0.031 -0.024 -0.019 -0.012 
8 -0.023 -0.027 -0.026 -0.027 
9 -0.01 0.015 -0.005 -0.044 
10 -0.028 -0.007 -0.009 -0.015 
11 -0.009 -0.008 -0.011 -0.017 
12 -0.013 -0.042 -0.047 -0.042 
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13 -0.013 0.012 0.022 -0.003 
14 -0.024 -0.004 0.002 -0.004 
15 -0.007 -0.003 -0.002 -0.006 
16 -0.011 -0.008 -0.005 -0.006 
     
Panel 3 
Tap Number 0° 30° 45° 90° 
1 -0.01 -0.025 -0.04 -0.059 
2 -0.01 -0.013 -0.013 -0.012 
3 -0.021 -0.02 -0.02 -0.014 
4 -0.016 -0.032 -0.043 -0.048 
5 -0.009 -0.02 -0.025 -0.028 
6 -0.011 -0.014 -0.013 -0.011 
7 -0.021 -0.019 -0.018 -0.013 
8 -0.018 -0.022 -0.028 -0.028 
9 -0.013 0.001 -0.01 -0.049 
10 -0.029 -0.014 -0.015 -0.015 
11 -0.016 -0.016 -0.013 -0.017 
12 -0.018 -0.032 -0.036 -0.048 
13 -0.016 0.01 0.02 -0.003 
14 -0.028 -0.009 -0.004 -0.004 
15 -0.015 -0.012 -0.008 -0.003 
16 -0.018 -0.018 -0.012 -0.004 
     
Panel 4 
Tap Number 0° 30° 45° 90° 
1 -0.026 -0.026 -0.036 -0.039 
2 -0.026 -0.022 -0.016 -0.007 
3 -0.021 -0.019 -0.019 -0.013 
4 -0.02 -0.032 -0.041 -0.058 
5 -0.026 -0.032 -0.029 -0.02 
6 -0.027 -0.027 -0.019 -0.006 
7 -0.021 -0.024 -0.019 -0.012 
8 -0.021 -0.028 -0.029 -0.023 
9 -0.021 -0.005 -0.014 -0.037 
10 -0.038 -0.025 -0.02 -0.017 
11 -0.035 -0.027 -0.018 -0.011 
12 -0.036 -0.032 -0.041 -0.038 
13 -0.022 -0.001 0.01 -0.008 
14 -0.035 -0.022 -0.013 -0.007 
15 -0.035 -0.03 -0.019 -0.003 
16 -0.037 -0.037 -0.023 -0.003 
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Table 4.   Pressure coefficients for PP-0-0-0-0-V-90 with a parapet. 
Panel 1 
 Model Orientation to Flow 
Tap Number 0° 45° 90° 
1 -0.043 -0.04 -0.041 
2 -0.042 -0.031 -0.04 
3 -0.042 -0.048 -0.042 
4 -0.042 -0.033 -0.041 
5 -0.043 -0.035 -0.035 
6 -0.043 -0.041 -0.038 
7 -0.041 -0.044 -0.041 
8 -0.041 -0.043 -0.041 
9 -0.042 -0.034 -0.04 
10 -0.042 -0.041 -0.041 
11 -0.043 -0.041 -0.04 
12 -0.042 -0.038 -0.04 
13 -0.043 -0.036 -0.04 
14 -0.043 -0.036 -0.038 
15 -0.041 -0.038 -0.038 
16 -0.039 -0.035 -0.04 
    
Panel 2 
Tap Number 0° 45° 90° 
1 -0.04 -0.047 -0.039 
2 -0.037 -0.042 -0.036 
3 -0.039 -0.03 -0.038 
4 -0.04 -0.041 -0.039 
5 -0.039 -0.023 -0.034 
6 -0.036 -0.026 -0.033 
7 -0.037 -0.03 -0.034 
8 -0.038 -0.024 -0.036 
9 -0.037 -0.039 -0.038 
10 -0.036 -0.039 -0.039 
11 -0.036 -0.037 -0.039 
12 -0.037 -0.038 -0.038 
13 -0.037 -0.036 -0.039 
14 -0.038 -0.039 -0.038 
15 -0.037 -0.036 -0.04 
16 -0.037 -0.032 -0.041 
    
Panel 3 
Tap Number 0° 45° 90° 
1 -0.034 -0.041 -0.04 
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2 -0.031 -0.037 -0.037 
3 -0.034 -0.041 -0.036 
4 -0.038 -0.039 -0.039 
5 -0.031 -0.02 -0.035 
6 -0.033 -0.027 -0.032 
7 -0.033 -0.015 -0.03 
8 -0.033 -0.015 -0.031 
9 -0.037 -0.039 -0.039 
10 -0.036 -0.039 -0.039 
11 -0.04 -0.039 -0.039 
12 -0.038 -0.039 -0.038 
13 -0.039 -0.042 -0.042 
14 -0.037 -0.039 -0.04 
15 -0.04 -0.038 -0.038 
16 -0.039 -0.032 -0.039 
    
Panel 4 
Tap Number 0° 45° 90° 
1 -0.032 -0.046 -0.038 
2 -0.032 -0.038 -0.039 
3 -0.031 -0.037 -0.037 
4 -0.033 -0.041 -0.037 
5 -0.039 -0.023 -0.04 
6 -0.03 -0.024 -0.038 
7 -0.029 -0.029 -0.036 
8 -0.037 -0.019 -0.034 
9 -0.04 -0.038 -0.037 
10 -0.038 -0.036 -0.038 
11 -0.043 -0.039 -0.037 
12 -0.043 -0.024 -0.037 
13 -0.04 -0.029 -0.041 
14 -0.04 -0.035 -0.039 
15 -0.043 -0.035 -0.038 
16 -0.043 -0.026 -0.038 
Table 5.   Pressure coefficients for PP-20-0-0-20-V-90. 
Panel 1 
 Model Orientation to Flow 
Tap Number 0° 45° 90° 
1 -0.095 -0.084 -0.061 
2 -0.076 -0.019 -0.017 
3 -0.071 -0.277 -0.01 
4 -0.083 -0.116 -0.041 
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5 -0.1 -0.083 -0.025 
6 -0.078 -0.006 -0.013 
7 -0.073 -0.114 -0.008 
8 -0.088 -0.063 -0.021 
9 0.091 0.057 -0.043 
10 0.102 0.059 -0.009 
11 -0.003 0.006 -0.02 
12 -0.025 -0.034 -0.064 
13 0.088 0.042 -0.001 
14 0.102 0.054 -0.001 
15 -0.001 0.011 -0.004 
16 -0.027 0.013 -0.003 
    
Panel 2 
Tap Number 0° 45° 90° 
1 -0.007 -0.056 -0.059 
2 -0.047 -0.009 -0.015 
3 -0.08 -0.004 -0.013 
4 -0.039 -0.069 -0.045 
5 -0.007 -0.01 -0.027 
6 -0.048 -0.003 -0.014 
7 -0.079 0.018 -0.013 
8 -0.042 0.023 -0.029 
9 -0.096 0.006 -0.054 
10 -0.08 -0.075 -0.021 
11 -0.044 -0.016 -0.017 
12 -0.003 -0.068 -0.059 
13 -0.096 -0.05 -0.007 
14 -0.078 -0.095 -0.008 
15 -0.047 -0.02 -0.007 
16 -0.014 -0.007 -0.007 
    
Panel 3 
Tap Number 0° 45° 90° 
1 0.006 -0.03 -0.049 
2 0.017 -0.001 -0.014 
3 -0.003 -0.01 -0.015 
4 0.006 -0.047 -0.057 
5 0.007 -0.016 -0.027 
6 0.015 0.002 -0.012 
7 -0.007 -0.002 -0.015 
8 0.005 -0.015 -0.029 
9 0.004 -0.012 -0.052 
10 -0.014 -0.021 -0.017 
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11 0.004 -0.013 -0.014 
12 0.001 -0.043 -0.051 
13 0.001 -0.007 -0.008 
14 -0.016 -0.012 -0.008 
15 0.001 -0.001 -0.005 
16 0.002 -0.01 -0.008 
    
Panel 4 
Tap Number 0° 45° 90° 
1 -0.004 -0.013 -0.035 
2 -0.002 -0.004 -0.01 
3 0.039 0.023 -0.021 
4 0.038 -0.007 -0.071 
5 -0.002 -0.025 -0.019 
6 -0.001 -0.007 -0.008 
7 0.032 0.014 -0.015 
8 0.039 -0.008 -0.023 
9 -0.182 -0.068 -0.066 
10 -0.133 -0.179 -0.02 
11 -0.071 -0.027 -0.009 
12 -0.052 -0.055 -0.036 
13 -0.179 -0.044 -0.007 
14 -0.126 -0.122 -0.01 
15 -0.071 -0.027 -0.002 
16 -0.055 -0.072 -0.004 
Table 6.   Pressure coefficients for PP-70-35-17.5-0-V-90. 
Panel 1 
 Model Orientation to Flow 
Tap Number 0° 45° 90° 
1 -0.109 -0.206 -0.042 
2 -0.105 -0.091 -0.027 
3 -0.079 -0.258 -0.013 
4 -0.103 -0.345 -0.026 
5 -0.109 -0.091 -0.026 
6 -0.105 -0.094 -0.015 
7 -0.076 -0.118 -0.01 
8 -0.101 -0.059 -0.021 
9 0.148 0.11 -0.035 
10 0.162 0.079 -0.004 
11 0.131 0.066 -0.024 
12 0.116 0.074 -0.061 
13 0.147 0.036 -0.005 
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14 0.162 0.059 0.001 
15 0.132 0.041 0.001 
16 0.116 0.047 0.018 
    
Panel 2 
Tap Number 0° 45° 90° 
1 -0.098 -0.124 -0.041 
2 -0.091 -0.03 -0.015 
3 -0.097 -0.087 -0.013 
4 -0.109 -0.132 -0.033 
5 -0.097 -0.034 -0.025 
6 -0.092 -0.023 -0.013 
7 -0.096 -0.036 -0.012 
8 -0.112 -0.101 -0.025 
9 -0.116 0.002 -0.035 
10 -0.116 -0.052 -0.013 
11 -0.115 0.015 -0.019 
12 -0.114 -0.043 -0.053 
13 -0.116 -0.102 -0.012 
14 -0.117 -0.135 -0.007 
15 -0.116 -0.074 -0.008 
16 -0.114 -0.071 0.001 
    
Panel 3 
Tap Number 0° 45° 90° 
1 -0.049 -0.078 -0.053 
2 -0.062 -0.019 -0.014 
3 -0.091 -0.055 -0.014 
4 -0.082 -0.153 -0.047 
5 -0.048 -0.028 -0.029 
6 -0.062 -0.018 -0.013 
7 -0.091 -0.027 -0.013 
8 -0.089 -0.044 -0.027 
9 -0.088 -0.014 -0.045 
10 -0.101 -0.019 -0.017 
11 -0.023 -0.011 -0.016 
12 -0.037 -0.04 -0.053 
13 -0.086 -0.018 -0.013 
14 -0.095 -0.039 -0.011 
15 -0.021 -0.038 -0.006 
16 -0.038 -0.015 -0.005 
    
Panel 4 
Tap Number 0° 45° 90° 
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1 -0.018 -0.035 -0.054 
2 -0.025 -0.015 -0.008 
3 -0.056 -0.005 -0.014 
4 -0.023 -0.064 -0.057 
5 -0.02 -0.036 -0.02 
6 -0.023 -0.02 -0.007 
7 -0.051 -0.001 -0.012 
8 -0.03 -0.021 -0.024 
9 -0.015 -0.021 -0.049 
10 -0.026 -0.048 -0.018 
11 -0.024 -0.022 -0.011 
12 -0.021 -0.031 -0.046 
13 -0.021 -0.065 -0.009 
14 -0.028 -0.076 -0.01 
15 -0.023 -0.027 -0.003 
16 -0.019 -0.035 -0.002 
Table 7.   Pressure coefficients for PP-70-35-17.5-0 with a parapet. 
Panel 1 
 Model Orientation to Flow 
Tap Number 0° 45° 90° 
1 -0.038 -0.047 -0.039 
2 -0.038 -0.049 -0.04 
3 -0.039 -0.057 -0.042 
4 -0.038 -0.05 -0.038 
5 -0.039 -0.028 -0.038 
6 -0.039 -0.037 -0.04 
7 -0.039 -0.036 -0.043 
8 -0.039 -0.029 -0.043 
9 -0.039 0.035 -0.038 
10 -0.036 -0.037 -0.037 
11 -0.041 -0.045 -0.037 
12 -0.04 -0.046 -0.039 
13 -0.04 -0.024 -0.035 
14 -0.037 -0.032 -0.035 
15 -0.041 -0.034 -0.036 
16 -0.041 -0.022 -0.036 
    
Panel 2 
Tap Number 0° 45° 90° 
1 -0.038 -0.045 -0.041 
2 -0.036 -0.045 -0.04 
3 -0.038 -0.044 -0.04 
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4 -0.038 -0.043 -0.04 
5 -0.038 -0.024 -0.03 
6 -0.038 -0.029 -0.034 
7 -0.041 -0.037 -0.035 
8 -0.04 -0.027 -0.035 
9 -0.038 -0.047 -0.04 
10 -0.039 -0.052 -0.04 
11 -0.041 -0.047 -0.039 
12 -0.039 -0.048 -0.039 
13 -0.04 -0.026 -0.038 
14 -0.039 -0.035 -0.04 
15 -0.04 -0.033 -0.036 
16 -0.042 -0.017 -0.036 
    
Panel 3 
Tap Number 0° 45° 90° 
1 -0.036 -0.039 -0.043 
2 -0.032 -0.039 -0.043 
3 -0.034 -0.042 -0.04 
4 -0.039 -0.042 -0.041 
5 -0.036 -0.015 -0.04 
6 -0.031 -0.028 -0.041 
7 -0.034 -0.025 -0.038 
8 -0.037 -0.023 -0.039 
9 -0.04 -0.042 -0.04 
10 -0.04 -0.04 -0.041 
11 -0.04 -0.037 -0.039 
12 -0.04 -0.042 -0.039 
13 -0.036 -0.025 -0.039 
14 -0.038 -0.055 -0.04 
15 -0.04 -0.032 -0.039 
16 -0.037 -0.018 -0.04 
    
Panel 4 
Tap Number 0° 45° 90° 
1 -0.032 -0.044 -0.043 
2 -0.032 -0.038 -0.042 
3 -0.028 -0.039 -0.04 
4 -0.033 -0.041 -0.039 
5 -0.036 -0.019 -0.042 
6 -0.03 -0.024 -0.043 
7 -0.025 -0.027 -0.04 
8 -0.034 -0.011 -0.04 
9 -0.039 -0.037 -0.037 
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10 -0.036 -0.035 -0.037 
11 -0.044 -0.031 -0.037 
12 -0.043 -0.024 -0.038 
13 -0.038 -0.04 -0.038 
14 -0.04 -0.034 -0.037 
15 -0.043 -0.027 -0.038 
16 -0.041 -0.018 -0.038 
Table 8.   Pressure coefficients for PP--5-0-0-0-V-90. 
Panel 1 
 Model Orientation to Flow 
Tap Number 0° 45° 90° 
1 -0.013 -0.029 -0.051 
2 -0.007 -0.013 -0.012 
3 -0.143 -0.095 -0.008 
4 -0.138 -0.028 -0.041 
5 -0.011 -0.008 -0.022 
6 -0.006 -0.006 -0.01 
7 -0.149 -0.075 -0.007 
8 -0.139 -0.065 -0.02 
9 -0.053 -0.017 -0.055 
10 -0.069 -0.009 -0.012 
11 -0.008 -0.013 -0.018 
12 -0.019 -0.051 -0.052 
13 -0.05 -0.005 -0.001 
14 -0.063 -0.034 -0.001 
15 -0.007 0.002 -0.004 
16 -0.019 0.002 -0.005 
    
Panel 2 
Tap Number 0° 45° 90° 
1 -0.013 -0.044 -0.069 
2 -0.017 -0.015 -0.016 
3 -0.056 -0.038 -0.014 
4 -0.044 -0.045 -0.048 
5 -0.011 -0.021 -0.027 
6 -0.016 -0.011 -0.013 
7 -0.058 -0.054 -0.012 
8 -0.048 -0.058 -0.028 
9 0.003 -0.012 -0.059 
10 -0.003 -0.011 -0.02 
11 -0.006 -0.014 -0.018 
12 -0.01 -0.073 -0.068 
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13 0.006 0.025 -0.003 
14 -0.001 0.007 -0.004 
15 -0.005 0 -0.004 
16 -0.009 -0.005 -0.005 
    
Panel 3 
Tap Number 0° 45° 90° 
1 -0.011 -0.038 -0.07 
2 -0.012 -0.013 -0.013 
3 -0.014 -0.015 -0.015 
4 -0.015 -0.044 -0.047 
5 -0.01 -0.025 -0.026 
6 -0.011 -0.012 -0.012 
7 -0.016 -0.017 -0.014 
8 -0.015 -0.027 -0.028 
9 -0.005 -0.015 -0.047 
10 -0.02 -0.02 -0.02 
11 -0.014 -0.016 -0.018 
12 -0.014 -0.049 -0.05 
13 -0.003 0.022 -0.007 
14 -0.019 -0.004 -0.009 
15 -0.013 -0.005 -0.006 
16 -0.015 -0.01 -0.007 
    
Panel 4 
Tap Number 0° 45° 90° 
1 -0.025 -0.034 -0.056 
2 -0.027 -0.017 -0.008 
3 -0.02 -0.016 -0.015 
4 -0.021 -0.043 -0.07 
5 -0.023 -0.03 -0.019 
6 -0.026 -0.019 -0.007 
7 -0.019 -0.019 -0.013 
8 -0.02 -0.032 -0.023 
9 -0.015 -0.023 -0.05 
10 -0.033 -0.022 -0.018 
11 -0.035 -0.02 -0.013 
12 -0.034 -0.035 -0.045 
13 -0.016 0.012 -0.009 
14 -0.033 -0.014 -0.01 
15 -0.035 -0.016 -0.003 
16 -0.036 -0.023 -0.003 
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Table 9.   Pressure coefficients for PP--5-0-0-0-V-90-RE. 
Panel 1 
 Model Orientation to Flow 
Tap Number 0° 45° 90° 
1 -0.009 -0.028 -0.047 
2 -0.005 -0.013 -0.012 
3 -0.034 -0.025 -0.006 
4 -0.034 -0.028 -0.044 
5 -0.009 -0.014 -0.025 
6 -0.004 -0.01 -0.01 
7 -0.033 -0.025 -0.006 
8 -0.03 -0.034 -0.021 
9 0.007 -0.015 -0.052 
10 -0.003 -0.01 -0.015 
11 -0.006 -0.013 -0.02 
12 -0.015 -0.038 -0.044 
13 0.011 0.018 0 
14 -0.006 0 -0.003 
15 -0.004 0.001 -0.004 
16 -0.018 0.001 -0.007 
    
Panel 2 
Tap Number 0° 45° 90° 
1 -0.018 -0.044 -0.043 
2 -0.022 -0.015 -0.015 
3 -0.052 -0.038 -0.013 
4 -0.057 -0.038 -0.041 
5 -0.016 -0.021 -0.027 
6 -0.022 -0.012 -0.012 
7 -0.052 -0.051 -0.012 
8 -0.056 -0.056 -0.027 
9 -0.006 -0.015 -0.04 
10 -0.015 -0.009 -0.014 
11 -0.005 -0.014 -0.015 
12 -0.013 -0.077 -0.037 
13 -0.005 0.024 -0.003 
14 -0.013 0.004 -0.005 
15 -0.003 -0.002 -0.007 
16 -0.012 -0.006 -0.007 
    
Panel 3 
Tap Number 0° 45° 90° 
1 -0.012 -0.042 -0.061 
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2 -0.011 -0.014 -0.013 
3 -0.021 -0.021 -0.015 
4 -0.021 -0.044 -0.048 
5 -0.01 -0.027 -0.028 
6 -0.012 -0.014 -0.012 
7 -0.021 -0.021 -0.014 
8 -0.021 -0.028 -0.029 
9 -0.006 -0.008 -0.047 
10 -0.014 -0.016 -0.019 
11 -0.013 -0.014 -0.018 
12 -0.017 -0.056 -0.046 
13 -0.01 0.021 -0.008 
14 -0.012 -0.001 -0.008 
15 -0.012 -0.007 -0.005 
16 -0.018 -0.01 -0.007 
    
Panel 4 
Tap Number 0° 45° 90° 
1 -0.027 -0.037 -0.042 
2 -0.027 -0.018 -0.008 
3 -0.022 -0.021 -0.014 
4 -0.023 -0.039 -0.058 
5 -0.025 -0.03 -0.02 
6 -0.029 -0.02 -0.007 
7 -0.025 -0.021 -0.012 
8 -0.023 -0.031 -0.023 
9 -0.021 -0.017 -0.045 
10 -0.037 -0.019 -0.018 
11 -0.034 -0.02 -0.009 
12 -0.036 -0.038 -0.037 
13 -0.023 0.015 -0.007 
14 -0.033 -0.013 -0.009 
15 -0.032 -0.019 -0.003 
16 -0.036 -0.024 -0.002 
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APPENDIX B.  MATLAB CODE 
Appendix B contains the MATLAB code used to process the ΔCp values for each 
configuration tested in this study. 
clear all; close all; clc; 
%% Analyzing Experimental Data Points 
X=[1.5 2; 1.5 4; 0.5 4; 0.5 2; 1.5 8; 1.5 6; 0.5 6; 0.5 8;...   %1st panel 
   4 2;   4 4;   3 4;   3 2;   4 8;   4 6;   3 6;   3 8;...                %2nd panel 
   6.5 2; 6.5 4; 5.5 4; 5.5 2; 6.5 8; 6.5 6; 5.5 6; 5.5 8;...      %3rd panel 
   9 2;   9 4;   8 4;   8 2;   9 8;   9 6;   8 6;   8 8];                  %4th panel 
V=[1.891891892; 1.060810811; 2.277027027; 3.074324324; 0.932432432; 
0.912162162; 1.195945946; 0.641891892;... 
   0.547297297; 0.304054054; 0.236486486; 0.905405405; -0.25; -0.344594595; -
0.668918919; -0.006756757;... 
   0.256756757; 0.054054054; 0.243243243; 0.939189189; 0.087837838; -0.135135135; 
-0.081081081; 0.175675676;... 
   0.027027027; -0.047297297; -0.290540541; 0.290540541; 0.006756757; -
0.047297297; -0.506756757; -0.297297297]; 
% Input V values starting with panel 1 to 4 
x = X(:,1); y = X(:,2);               % retrieving x and y vectors 
plot(x,y,'bo','MarkerFaceColor','b')  % showing location of x-y points 
N=length(V); 
for i=1:N 
text(x(i)+.2,y(i),int2str(i))         % showing the order of data points 
end 
axis([0, 10, 1, 9]); grid 
xlabel('x (in)'), ylabel('y (in)') 
  
%% Gridded Data Interpolation 
figure 
[xr,yr]=meshgrid(linspace(min(x),max(x),60),... 







set(h1,'EdgeColor','none'); %removes small grid square outline edges 
alpha(0.75) % allows transparency at 75% 
hold on 




text(0.75,1.5,0,'Panel 1','FontSize',12); %labels panels in plot 
text(3.25,1.5,0,'Panel 2','FontSize',12); %labels panels in plot 
text(5.75,1.5,0,'Panel 3','FontSize',12); %labels panels in plot 
text(8.25,1.5,0,'Panel 4','FontSize',12); %labels panels in plot 
  
caxis auto % automatically adjusts color bar range 
xlabel('Horizontal (in inches)'), zlabel('\DeltaC_p Values'); %ylabel('y (in)'),  
h=get(gca,'xlabel'); 
set(h,'rotation',2) % sets xlabel 3 degrees off kilter for better plot 
colormap(hsv), colorbar, view([350,8]) 
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